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SUMMARY

The digital computer program described in this report was
written for the purpose of estimating POGO and EGO attitude control
gas budgets. In contrast to one previously developed by STL,* the
present program specifically includes a detailed simulation of booms,
experimental packages and antennae, together with their shadowing by
the spacecraft body and solar paddles, The object of the present pro-

gram was to check the STL gas budget computations on the assumption

that these latter might be unduly optimistic,

. This suspicion was fOill;ld to be well grounded. For a proposed
POGO initial orbital of 150 n. m. perigee, it was found that the total
gas available would be exhausted within about 2 months of the launch
epoch. Boosting the initial perigee to 180 n. m. and 200 n. m. raised
the lifetime to about 4 months and 7 months, respectively., Complete
elimination of aerodynamic torques gave a life of only 11 months;

hence, evidently, no raising Qf-_ihitial perigee height, within reason-

able limits, will extend the lifetime to a year.

* D. D. Otten, "OGO Attitude Control Subsystem Description,
, Logic, and Specifications;'’ Space Technology Laboratories Inc.,
‘ 2313-0004-RU-000, December 1961. Vo
' /
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The program takes into account toréues due to aerodynam-ic and
solar pressures and gravity gradient. Analysis of the output data re-
vealgd that aerodynamic yaw torque was the major cause of gas expen-
diture up to an initial p‘;;.i‘g“ee all'titude of about 200 n. m., i.e., within
the range of interest for POGO, Further analysis disclosed that most
of this torque was due to the unbalanéing effects of tlge EPS torus an.d
the SOEP VLF antenna. At NASA's suggestion, POGO flights wére
simulated with these two antennae undeployed, both singly and in com -
bination. At 180 n. m. suppression of the deployment Qf both antennae
doubled the satellite's oriented lifetime; the corresponding improve-

ment at 200 n. m. was, of c.(_)urse, somewhat less, due to the thinner

atmosphere.
The only other major source of torque was gravity-gradient yaw.

Some attempt was made to identify sources of error and bias in
these lifetime figures and to assess their order of magnitude. A major
weakness is the uncertainty of atmospheric density as a function of

Ll
height; a second serious bias concerns uncertainties in the value of
the aerodynamic reflection coefficients. Two major weaknesses in
the program itself are the omission of coulomb drag effects (which, it

is demonstrated, may be considerable, due to POGO's high projected

perimeter) and the inability to follow true yaw angle during an eclipse.

Yoo,
[ .
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It appeared that the joint effects of these and other uncertainties could

impose a fourfold error upon computed gas budgets.

The possibility of -eorrecting torque imbalance by the addition of
compensating "sail" surfaces to the satellite, and hence prolonging
satellite life, was raised by NASA. This remedy was exaxgninéd and  ~

shown to be vulnerable to errors in the estimates of aerodynamic re-

flection coefficients.

EGO gas budget computations contrast very favorably with those
s
of POGO. It was found that a year in orbit cossumed only about 150
pound-seconds of gas. Fufther, this estimate is not subject to the

1

same errors as those of POGO. The satellite is in the atmosphere for
1

only a small fraction of +he orbital period during early orbits; increases
in perigee altitude lift the entire orbital out of the atmosphere within a
few weeks after the launch epoch. Hence, EGO torques are largely due

to solar pressure and gravity gradient, both of which can be computed

with reasonable accuracy. . ’

A parametric analysis was made of gas budget dependence upon
orbital inclination to the sun vector, and the angular position of perigee
relative to the projection-of the'sun vector onto the orbital plane. At
the Same time, some attempt was made to rationalize these values by

a deductive examination of the effects of orbital orientation upon torque

-viii- BAARINC



magnitudes, careful distinctions being made between secular (i.e., cu-

mulative) and cyclic disturbance torques,

The program assumes that attitude control functions normally;
this permifted dynamic simulation of the satellite to be omitted. As a
consequence, gas consumption cannot bé followed historically, in terms
of discrete gas firings, but only macroscopically, in terms of the
amount of impulse required to unload a total accumulation of angular
momentum. The program computes gas expenditure per orbital cycle.
Total expenditure over a 12-month period is estimated by sampling
orbits at intervals throughout. Gas budgets reported herein were based
upon sampling orbitals at 15~--'day intervals. Orbital perturbations are
allowed for by adjusting parameters of each orbital, These adjust-
ments included precession of perigee, regression of line of nodes,
movement of the sun vector, changes in eclipse angles, and changes
in perigee height and orbital eccentricity. All of these can be obtained
analytically, and were so ob.tained, except for the last two, which were
supplied by NASA for selecté‘d:. POGO and EGO 'ﬂights.

An appendix has been added as a convenience, describing how
initial orbital parameters may be computed from the injection param-

- PRrye

eters.
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I. DESCRIPTION OF COMPUTER PROGRAM

o LN ¢ .

1. INTRODUCTION

W

An outline of the program is presented in the flow chart at the

end of this section.

The program accepts inputs for a number of different orbits rep-
resenting discrete samples at intervals in the '.ar'bital history of the

satellite throughout the year. A

Each orbital revol %ion is broken down into a number of equal in-
i
tervals (this number bei.ig an input to the program) and torques com-
puted for aerodynamic, solar, and gravity-gradient for each increment

around the orbital. Any combination of these three categories may be

suppressed by suitable input designations.

L _
Torques are converted ifito torque impulses(=angular momenta)

and dumped into an inertial coordinate system. All control torques
(which are not computed in this program) are assumed to cancel. Cyclic

components of disturbance torques computed by the program will auto-

matically self-cancel as they are dumped into the inertial system.
A

b,
T

' - A
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The total angular momentum for the x, y, and z coordinates ob-
tained for each orbit is converted into a gas expenditure (in pound-

seconds) for that orbit. This figure is multiplied by the number of

T 1 Y ) v .

orbits occurring in that sampling interval to obtain the gas expenditure

for the corresponding real-time interval. Finally, these gas expendi-

-

tures are cumulated for successive orbital intervals to give the total

gas budget requirement for the satellite lifetime,

Detailed printouts are available on demand for each orbit. In the.

absence of such demand, these outputs are sugpressed.

The EGO spacecraft hés minor structural differences compared

to POGO (chiefly with respect to the angular orientation of the EP5
1

torus). Also, the more eccentric orbit calls for different sampling

-intervals around the orbital. These two modifications are controlled

by a POGO/EGO switch which is set by an input card as required,

Notations and subroutine details are presented in separate sec-

tions below. ] VA

2. DEFINITIONS OF ORBIT PARAMETERS

" = GM (gravitational constant G times mass of earth M)
= 1. 408 x 10* £t.° /sec.” in the English system

r = Radius of earth = 2,0902913 x 107 feet
Wl
a = Semimajor axis of ellipse in feet -

' 7
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e = Eccentricity of orbit

3 = Inclination of orbit plane from ecliptic plane
Q = Angle from line of nodes to perigee (in orbit plane)
S = Angle of sun vector from equinox line in ecliptic

plane. Use autumnal equinox, i.e., negative of
vernal equinox, for reference line.

-

B = Angle from vernal equinox to line of nodes (in eclip-
tic plane).

The penumbra and umbra angles are:

o’ = Entry into penumbra
-y
O = Entry into umbra and exit from first penumbra
Oy = - Exit from umbra and entry into second penumbra
0y, = Exit from second penumbra.
}.

(All these a1 gles are given, in this order, as measured
from perigee. ) ‘

S! = Angle of sun vector (declinatior(x)) from perpgndicular
to orbit plane. The range is 0" < §'< 180",

o4 = Angle from line of nodes to satellite position
p = Period of orbit in seconds -

L
t = Time elapsed in each sampling interval.

(1) Equations for Computing Orbit Parameters

- o e

The following equations are used for computing orbit

parameters:

/
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(2)

. . cos S' > 0, quadrant 1
' ;s Q1 = E - ’
S cos S sin ¢ sin (S-8), { S <o, . tz}

p p = 2:n.’a3/2
Ju
t . t - o L X ) ¢ p .
number of intervals
Method of Solution for Keple‘r's Equation e

9.

Kepler's equation is:

M = E - e sin E, (1)

M = the mean anomaly angle (expressed in radians)

E = the eccentric anomaly angle (expressed in
radians)

e = the eccentricity of the elliptical orbit,

The method of solution employed is an iterative technique given in

Brouwer and Clemence, * The technique is as follows. M is known,

and we wish to solve equation (1) for E. Choose a first guess for

E, call it Eo {(more will be said later about how to make this first

: A
choice). Then, replacing E by Eo in Kepler's equation, we have:

M =

E -esinE . (2)
o o o

3

Dirk Brouwer and Gerald Clemence, Methods of Celestial

Mechanics, Academic Press, 1961, pp. 84-85.

Wl
Pl
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Then, AE = E-E_ and AM_ = M-- M . Kepler's equation
(o] (o] (o} o]

is a function of two variables and may be written

f(M,E) = -M+E-esinE = 0, (3)

eI Y ¢+ .

Applying Taylor's formula for a function of two variables, * we

expand f(M, E) in a series about i\/[o and Eo: ' -

>t 3t |
F(M,E) = f(M_E )+ S (M-M ) + TR (E-Eo)} (4

where the partial derivatives are evaluated at Mo and Eo'

This yields

\

f(ME) = (-M +E -esinE ) +
o o o
{-I(M-M )+ (l-e cos E }E-E )} + ..., (5)
o o o
From (2) the first term of (5) vanishes, so we have

£(M, E) = {—I(M-M )+ (l-e cos E )E-E )}+.... (6)
. (0] (0] (0]

Recall from (3) that f('lvvl,»’r:,})_,= 0. Hence, we set (6) equal to
zero and, neglecting the remaining terms of the Taylor series,

obtain

*

See Wilfred Kaplan, Advanced Calculus, Addlson -Wesley,
1952, p. 370. e

/

' e
/o
-5- BAARINC T;L/tf}[_

i



E-E
o

[}

(M-M )/ (1-ecos E )
o o
(7)

or AR AM [/ (l-ecosE ),
o o o

Equation (7) is only-an approximation. At this point the problem

of convergence of the iterative process can be examined.

- BN

In general, the iterative process is as follows':

E = first guess
o
Step 1. Mi=Ei—esinEi i=01,....n
Step 2. AMi = M - Mi (where M is the known value
of-the mean anomaly angle)
Step 3. Is AMi £ error? When 1\/[i is sufficiently
o close to the original M, the
process is stopped and E,
1 is given as the solution.
{ AM,
. AL = —————— .
Step 4 Li l1-e cos Ei '
. = + A
Step 5 Ei+1 Ei Ei

Go back to Step 1 and repeat the process
with Ei+1 for the (i+1)th iteration.

‘ A
It may happen that the process does not give a convergent se-

quence tending to the solution. To prevent useless cycling in

such a case, the number of iterations is limited to 25. Usually

.an error test of 0. 0001 is used, and three or fewer iterations

are sufficient when the eccentricity is small. In other words,
b

/
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when the process passes the error test, we know that the value
of the eccentric anomaly substituted in Kepler's equation gives a
value for the mean anomaly differing from the true mean anomaly

by only 0. 0001 radians (or 0. 0057 degrees). This was considered

sufficiently accurate for our purpases.

Method for making first guess. If the ecéentricity is small,
as it is in the case of POGO, it is sufficient to make a first guess

Eo = M. In the case of EGO, a first guess of

EO = M+esinM+15e2 sin 2M

will be used, as suggeéted in Brouwer and Clemence (p. 84).

There is no indication of how well this will serve in the case of a

nearly -parabolic orbit.

(3) Equations for Computing Interval Parameters

The following equations are used for computing interval

-

parameters: , LA

: 4
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h
M -- Mean anomaly angle Mn = < , for nt .time
p interval . .
E -- Eccentric anomaly M = BE-esin E
angle
1 "Kepler's equation, solve
i by iterative procedure.
| ’ ' -
\
1 + N
f v -- True anomaly tan + = 1te tan E
2 l-e 2
angle
r -- Radius to center of r = a(l-e cos E)
earth
V -- Velocity ' V =qH 2. l)
i r a
I e sin K
¥ -- Flight path angle tan ¥ = —/—— Both equa-
: h >
. N l-e tions neces-
‘ ‘ sary to fix
- 1  quadrant of v.
cos Y = —*32(1_62) ]
© ~ | r(2a-r)
1 -- Angle from ascend- g < 98 § sin(S-B)
ing node to projec- ~ cos (S-8)
.tion of sun vector '
cos (S-B)
cos 7 =- > =
Vcos (S-B) +cos ¢ sin (S-B)
o eing = * _cos £ sin (S-8)
A ‘\EOSe(S-B)+COS2£Sin2(S-B)
a -+ Angle from ascending a = Q+v

node to satellite

et oas

The transformation matrix from body coordinate system

(Xb’ yb!

. : L
’ . follows: Lo

' +
1

zb) to inertial coordinate system (xj, yj, zj) is as

e

i
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X, cos ¥ cos (1-0) -sin ¢ cos (1-¢) sin(i-0) | |x,

yj ':1 -8in :if_,,,,,,,, N -cosV . 0 Yb

7, cos ¥ sin (n-1v) “sin ¥ sin (1-0) -cos (-] |z

J b
e L ]

l. Yaw Angle ¥ o e

sin S' sin (o- M)

tan ¥ = - cos S'

Determination of quadrant:
sin (v-1m) < 0, tanvy ~ 0, quadrant =1
K J

sin (@-71) < 0, tan ¥ < 0, dﬁadrant =2

sin (v-n) = 0, tany > 0, quadrant = 3

]

sin ((\#~ W > 0, tany< 0, quadrant = 4.
If cos S 4 = 0, a special situation of "noon turn"
applies. The sun in this case lies in the same plane as R
the orbit. Thus, when2-q = 0° or 1800, “is rotating
from 0° to 270° or from 270° to 0°, respectively. The
torque encountered in this rotation is not taken into ac-
count as the control systewn is designed to compensate
for these particular torques.

2. Paddle Angle (?p ) .

4 7

sin ¢ = -sin S' cos (w-7) .
p

Determination of quadrant:

sin_® > 0, quadrant = 2
p
sin ¢ < 0, quadrant = 3.
)
vt <
N
' /
/
-9_ BAARINCG oL |/
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(4) General Cornme.nts

This program was written in Fortran IV for the IBM 7094
- computer and has-been run on the Mbonlight System at Goddard

Space Flight Center. The data are iﬁput from cards and have

been arranged with 10 to 20 free spaces at the beginnihg of each ~

card (the exact number is indicated in the respéctive format
statements). These spaces may be used for the operator's con-
venience in data identification since the program ignores them.

A listing of the program is given at the end of this section and is

followed by a sample data listing.

N

Each card of inpuf data is described in detail under Pro-
gram Inputs. The card number, variable names, interpretation
of'the variable names, and the format for the cgrd are given.
The data deck is made up of cards 1 to 44 followed by the proper
number of sets of "'type a' cards. Each set of "type a'" cards

gives the orbit parameters for one orbit. -
v

BAARINC o .0 1 7
-10- ’ N



(5)

Card No.

10

11

12

Program Inputs

Input data to the program are as follows:

L. PRBTYY
Variables

NOSHAD,
NEGO,
NDAYS

FNORB

IAIR, ISUN,
IGRAV

ITORTA

F4y t
Fax

CANT
S2

C3
Cl

BX

COPEFP

" Interpretation

NOSHAD and NEGO are
options; see-below.
NDAYS is the number of
days in a sampling inter-
val, The orbit sampling
process is described in
the introduction.

Number of passes through

perigee in a given orbit in

NDAYS. -

PN

-Options; see below.

Option; see below.

Y -face of experiment four
box

X -face of experiment four
box

High-gain antenna
Sphere of experimeént two

L

Cyiihder of experiment
three

Cylinder of experiment
one

SOEP antenna

OPEP cylinder

-11-

Format

(20X, 4I5)

R

-

(10X, 6F10.3)

(20X, 415)

(20X, 4I5)

(10X, 6F10. 3)

(10X, 6F10.3)

BAARINC
N\,
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A
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Interpretation

\ Card No. Variables Format
13 OPEP -- .
14 Boom 6 (B6) Boom of experiment six
! 15 Sphere 6 (S6) Sphere of experiment six
1 16 Boom 5 (B5) Boom of experiment five
1 . :
| 17 CYLN 5 (C5) Torus of experiment five,
18 Box-x5 (F5x) X-face of experiment five
. box
19 Box-y5 (F5y) Y-face of experiment five
box
20 H,E, A BC, Body dimensions (see dia-
L (FL) gram in quoted reference)
. 21 W, SGMAS W is a body dimension;
. (SGMA, o, o' are previously de-
SGMAP) fined
22 Y, Z, OPEP, Reflectivity constants for (20X, 4F10.0)
PAD(AY,AZ, y-face, z-face, OPEP,
AOP, AP) and paddle
23 B6, BX, B5, Reflectivity constants for (20X, 4F%10, 0)
F5 boom 6, etc.
24 AC5 Reflectivity constarit for (20X, 4F10, 0)
torus -/
25 OP Areas of the three differ- (20X, 4F10.0)
ent faces of OPEP
26 ATMO The atmospheric density (20X, 3E20. 8)
27 ""look™up table. Starting
28 with densities in slugs/ft.
29 at 100 n. m. and extending
30 to 750 n. m. in 50-n. m.
' steps.
g
-12- BAARINC J_,L,/_:?/_
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Card No.

31
32
33
34
35
36
317
38
39

40

41

42

43

44%

Variables

\%

THRSTX

THRSTY

\ 4

XXI, YYI,
221

GTHX,
GTHY,
GTHZ

N@RBIT,
NINTER,
IPRINT

ERRKEP

GM, RE

¥*

a8 4

Interpretation

Solar pressure constant

Look-up table for the
thrust for the x and z
momenta (see gas budget
estimate)

Look-up table for thrust
around z -axis

o,

Moments of inertia about
X,y, and z axes, respec-
tively

z ]
X, y, and z principal an-

gles (from displacement

of center of mass)

NORBIT is the total num-
ber of different orbits,
each requiring a set of
orbit parameters.
NINTER is the number of
intervals per orbit
(NINTER < 360). IPRINT
is print option; see bhelow,

Test for solution of Kep-
ler's equation by iterative
techfique (0. 0001 is a
good choice)

GM is gravitational con-

stant 4 and has a value of

1.408 x 1016 £t.3/sec.2 in

Format
(20X, 3E20. 8)

(10X, 6F10. 3)

(10X, 6F10,3]

(20X, 4F10.0)

(20X, 4F10, 0)

(20X, 415)

(20X, 4F10. 0)

(16X, 4E16. 8)

- GM and RE are inputs so the program can compute in the cgs or

km s system of units as well as in the English system. Some
minor changes to the final gas computations will make the pro-

gram completely adaptable to any system of units. ’

-13-
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Card No. Variables Interpretation Format

the English system. RE is
the radius of the earth, and
in the English system the

wiyalue 2. 0902913 x 107 £,
was used.

B One set of the following "typ;a a' cards is needed for each "~
orbit (generally around 25 orbits for a representative run), and

the number of sets is given by the value of NQRBIT on card 42,

Card No. Variables Interpretation Format

la A Semimajor axis of*orbit, (20X, E1l6. 8)
in units of feet if the En-
glish system is being em-
-., ~ ployed. )
. - 2a E, XL, S ) E is orbit eccentricity; (20X, 4F10. 0)

XI is inclination of orbit

! plane from ecliptic plane

"~ (in degrees); and S is an- K
gle of sun vector from
vernal equinox (in de-

grees).
3a OMEGA, OMEGA is angle from line (20X, 4F10.0)
BETA of nodes to perigee (in

deg,r;a,e,s), and BETA is
anglé from vernal equi-
nox to apsides (in de-

grees).
45 ALPHAI, Penumbra and umbra an- (20X, 4F10. 0)

ALPHA?, gles (in degrees) mea-

ALPHA3, sured from perigee.

ALPHA4 ALPHAI is first entry into
penumbra; ALPHAZ is exit
from penumbra and entry .

. into umbra; ALPHAZ is ;

-14- BAAR/NC@
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Card No. Variables Interpretation Format

exit from umbra and entry

into post-umbra penumbra;

and ALPHA4 is exit from
«-n.penumbra. The angles

must be presented in this

order, even though

ALPHA4 may be numeri- .

cally smaller than ALPHAL. T

In the case where only um-

bra angles, ALPHA2 and

ALPHA3, are given, dummy

in ALPHAl and ALPHA4 by

respectively subtracting and

adding one-half degree to

ALPHA?2 and ALPHAS3., In

the case of no eclipse, all

four angles are zexo..

: ‘ Each set of "type a'" cards consists of four cards, and these sets

or '"decks' are ar hnged serially. The last set of ""type a'' cards
i
completes the date'required for the program.

The data contained on cards 5 through 19 are as follows:
1. For all booms (variables beginning with "B'):

Field 1: X-centroid coordinate (unshaded)
Field 2: Y-centroid coordinate (unshaded)
Field 3: Z-centroid coordinate (unshaded)
Field 4: Projected area (unshaded)
Field 5: Length of boom (unshaded)
Field 6: Blank

2. For all spheres, boxes, cylinders:

Field 1: X-centroid coordinate (unshaded)
Field 2: Y-centroid coordinate (unsh%qe:d)l—
. Field 3: Z-centroid coordinate (unshaded)

' : !

/
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Field 4: Projected area - (unshaded)

Field 5: Diameter of sphere (unshaded)

Field 6: Distance from the body to nearest ,
point of the sphere.

* (The torud didmeter is considered to be the

distance across the loop. )

The options NOSHAD, NEGO, IAIR, ISUN, IGRAV, and ©

"

ITQRTA are to be used as follows:

NOSHAD

i

0 or 1 depending upon whether effects of
shadowing are to be considered or
not, respectively., For EGO runs
it is more consistent with program
logic not to consider shading.

0 or 1 if the satellite has a torus in the
Xy or yz plane, respectively.

. NEGO .

IAIR Oorl Set=1 ifitis desired to skip the

effects of aerodynamic torque.

ISUN

0 or 1 Asin IAIR except concerning solar
torque.

IGRAV

0or 1l AsinIAIR except concerning
' gravity -gradient.

ITGRTA

1]
—

or 2 If ITQRTA =1, the intervals at

./ Wwhich the torques are computed in

" an orbit are a function of time.
This option is intended for use
with the POGO satellite because
of its near-circular orbit. If
ITQGRTA = 2, the intervals are

" ‘computed as a function of the true

anomaly angle (i. e., angle from
perigee). The 2 option is intended
for use with the near-parabolic
EGO orbits. iy
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3.

COMPUTATIONS FOR GRAVITY-GRADIENT TORQUES*

S 2
w = \/ +
o as(.}"_,?z)sh (1 e cos v)

G = iwz(I-I)Sin2¢ 40221 -1)0
X 2 o py . o 'py
3 2 . - 2
G = -w(I-I)sin20=z 3 w=( ~1)6
y 2 o r 'y o r 'y
. G = —w2(-I)sin2 (V)
Z 2 o p'r g
I = 660.5 slug ft.?
XX
I = 364.9 slug ft.2
I = 924, 8 slug ft.%
ZZ
o = -0.57° + 0.4°
The plus or minus signs
are determined by the pre-
g = -0. 08° + 0. 4° vailing torque created by
solar radiation and aero-
° dynamic forces.
vy -0.57° + 1.0% + ¥°. ]

*

The program has now been amended so that the moments of in-
ertia and principal angles are read in as data. That is, Ixx’ Iyy’
I,,, and ¢, 6, ¥ arenot constants as given above, but are
variables that may be changed to suit various configurations of
the spacecraft. The equations for Gy, Gy, and G, remain as

given above.

N

/

/
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Gravity-gradient computations employ equations which take ac-
count of the gyroscopic effects due to the rotation of the satellite at

orbital rate. Gravity-gradient torques have a semidependence on roil,

e L

‘pitch, and yaw angles. In the case of roll and pitch, angles are nomi-

nally zero, due to attitude control. But small angular deviations arise

from two sources: -
o Error angles associated with the control system
° Bias angles due to the slight displacement of the prin-

cipal coordinate system from the body-centered sys-
tem of the spacecraft,

AN

Since cross-product moments of inertia were very small, they

were neglected in the gravity-gradient equations.

When actual values for gravity-gradients were developed from
these equations, it was discovered that most gravity-gradient experi-
enced is due to the yaw angle. - This is an important observation since,
neglecting product inertial ’:err»n/s/i yaw gravity-gradient torque van-

/o ’
ishes in the absence of gyrosccr).p;c effects. In other words, had the

satellite been inertial rather than rotating at orbital rate, overall

gravity -gradient torques would be greatly reduced.

The importance of developing this gyroscopic component in the
yaw gravity-gradient equation makes an appreciable differ"ehcé to the

total POGO gas budget, as is shown later.

18 BAARINC _ /ﬁ
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4, SOLAR RADJATION DEGRADATION FACTOR

When in penumbra, the satellite encounters less radiation from
the sun. The visible ared of the sun's disc is computed by assuming
the earth to be a straightedge moving across the face of the sun. Then

the radiation constant is degraded by the factor of the fraction of the

-

"

total area that is visible, In the orbits that have been used to date,
very little time (10 per orbit) is assumed to be spent in penumbra.
This portion of the program should assume more importance in the

case of near-parabolic orbits,

S5. OPTIONAL PRINTOUT FOR EACH INTERVAL

To obtain this printout, let the print option be 1 on card la. The

program gives:

Orbit variables for time interval 1 (heading)

Time in minutes and seconds (time into orbit from perigee)

Mean anomaly in degrees and radians
. L4

Eccentric anomaly in degrees and radians
True anomaly in degrees and radians

r, h (height above earth's surface), velocity in ft. /sec., radial
component of velocity, perpendicular component of velocity

7,7

See definitions of orbit parameters for these terms.
a L

///7
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v

See definitions of orbit parameters for these terms.
¢ .
p .
Gravity -gradient torque (3 components) in body coordinate system

QUPST 1Y ’ .

Aerodynamic torque (3 components) "' " " "

Solar radiation torque (3 components) ' " " "
Gravity-gradient torque (3 components)ininertial coordinate system

Aerodynamic torque (3 components) "' " " "

] 1 H

~ Solar radiation torque (3 components) "

At, time interval change, by which the torques are multiplied to
obtain torque impulse

Sum of torque impulseé about the orbit to this time, in nine com-
. ‘ ponents, three each for gravity-gradient, aerodynamic, and solar
radiation

Sum of x, y, and z torque impulses from gravity-gradient, aero-
dynamic, and solar radiation individual components (presented as
XSUM, YSUM, and ZSUM)

Total gas for the orbit in pound-seconds

Total gas for number of days elapsed (includes gas for previous
orbits). Thus, after the last orbit, the total gas (in pound-
seconds) represents gas used in all orbits for total days aloft.

' /\
/
i
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3

Compute i, e,
Pt v rh, vy

input Satellite
Dimensions,
Dota

Input of
rbits,Intervals)
er Orbit &Kepr
ler's Equation
rror Test'

Input Orbit
Parometers
H e 19, €,8,9,08

Compute §',
P & Interval ¢

Gos 'Expandi

(XW

(&Op

Set Sun
Radiation
Force To Zero

Clamp Angles 14

",

Compute
Radiation
Degradation

Factor

Compute Yaw
Angle ,w
PcddleAngleop

Aerodynami
Torque Needed,
el

Compute
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Torque

Radiation
Torque

-
4
Transform
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Inertial
System
Multiply Torqued
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II. AERODYNAMIC AND SOLAR TORQUE SUBROUTINES

oo 087 0 ¢ .

The classic equations for aerodynamic drag in an atmosphere

that conforms to the restrictions of hyperthermal fre:‘.e molecular flow

were used. In simplest form this is:

F =2 pv2. A.Cd,

where: -
o) = density of air
‘ v = velocity - )
) 3
A = unshac i3d projected area
Cd = drag coefficient. !

For a flat plate this equation is decomposed as:

Fn = 2qA (2 - ¢') sin® 9 (normal force)
. A
Ft = 2gA o sin 6 . cos 9 (tangential force)
where:
. 1,
q = dynamic pressure = 5PV
2] = angle of attack measured between the plane

of the surface and the velocity vector

H
. A
. ' Dy

] A
/’/ y
BAARING _ I
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normal momentum exchange coefficient

Q
I

tangential momentum exchange coefficient

corrésponding to those foutld in’STL report GM-61-9721, 4-18,

The equations derived in the aforementioned report were used for’
the appropriate members of the body,. with some adjustment of the signs
of the forces. For the appendages--such as the booms, the torus for
experirhent five, the SOEP antenna, the sphere of experiment six, and
the OPEP supporting cylinder——lformulas were derived to take into ac-
count the extra reflective factors due to curvature. The area of the
horizontal cylinders (such aé the booms) is still dependent upon the an-
gle of attack; and the sine, cosine relationship used with the flat plate
is assumed. The area of the vertical cylinder of OPEP is independent
of the ya.w angle, so the trigonometric functions enter only once, in the

decomposition of the force.

For all parts (including the body) except the torus, the flight path
angle, 7, was considered té-blé‘fze'ro. This assumption does not affect
the results to any appreciable degree because of the inverse relation-
ship between flight bath angle and distance from perigee. However,
the flight path angle is Tmportart for the torus. With an angle of zero,
the projected area is a rectangle; whereas with an angle of 90 degrees,

the corresponding area is that of a ring. A two arc function was used

4
L T

. BAARING .
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to approximate this area change. A lineaf arc carries the projécted
area from a rectangle to twice that as the flight path angle varies, un-
shadqwing the back portion of the torus. From then it varies as a sine
function until atA90 degf”e;“s“the 'a.rea is equal to n times that at zero
degrees. Small flight path angles are irpport-ant since a study of the

geometry shows that a value of 7y = 1.5° is sufficient to completely un-

shadow the back half of the torus.

.

The above treatment assumes that the EPS torus is imbedded in
the xy plane, as it is for the EGO satellite. For POGO satellites,
where it is imbedded in the yz plane, a different but analogous handling
of the ‘torque -dependence upbri spacecraft orientation is used. Selec-
tion between the two alternatives is automatically controlled by an in-
put marker signifying whether the run is to be under EGO or POGO

conditions,

Since it was decided to ignore interbody shadowing effects, the

auxiliary antennae were ignored. In some cases these short boom -like
o A

structures would almost t'otally shadow each other, depending upon
slight variations of flight path angle. - With no shadowing, the torques
produced by them were small and very nearly seif-canceling. Torques

for all the other small objects may be computed through proper read-in

of data; they will be very small.

/
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For the aerodynamic shadowing the results of STL report GM-61 -
9721, 49, were used for the main body. The shaded area of th.e booms
and the corresponding change of centroid were derived. For all other
objects, if a shédow fel]:‘;gl:oss: ﬁore than ‘one-half the projected area,
it was considered totally shaded; if less .than one -half, the Whole area

was used. No shadowing was computed for the solar torques since the

only source of shadow is the body itself, so this is negligible.

S

Some examples of the forms of the equations used will be given,
Only the aerodynamic are given, since if one considers the equations

for solar forces on a flat plate:

A Y

F = V. A . sin® 9. (1+as)
F.= V. A- sin g+ cosg - (1 -as)
where:
V‘ = pressure constant
A = unshaded area
) = angle of_inéidé_pge '
a = reflectivity of surface

and for notational convenience, let

[REEN

li

/

A
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e 1 L

as=l-o'
(1 -a) = ¢

s

F =V ;

P

then the equation will be directly applicable for solar.

For aerodynamic, consider

11

pv

2

-

:2q

angle of incidence ;

then the forces will be approximately as follows:

(1)

(3)

Flat Plate

Foo=

n

Fy

F -

A

- sin® @ {1 + (1- 0')}

- sin |e| cos 8 ¢

. sin® 6 {1 +-13;‘(l - 0')}

F - A>~ cose sml I{ -—-(1- c)}

OPEP Cylinder (and high-gain antenna)

Forc

F

e.

X

R}

.F

F -

A -
A -

A

{l +:13—(l - o')}

sml@lﬁ*’%‘(l -0 )}

cos 6 {1+—(1 - 0')}
-96 -
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(4)

Spherical

Force =

o o ®8 d y

F T
X

F
y

n

(5)

Torus

Force

F. A
F.OOA Sh]l@l

F- A:cos g

[, L }
F. A.‘Ll-g(l - a')

The angle 8 wused in these equations is an adjusted angle nccord-

ing.u)the scheme diagrammed below:

\
o 7 \\—9
rd ‘ ~ .
;' ! Ny
~
v
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II.

OBTAINING GAS EXPENDITURE, GIVEN THE
SECULAR ANGULAR MOMENTUM




III. OBTAINING GAS EXPENDITURE, GIVEN THE
SECULAR ANGULAR MOMENTUM

kb d ¢

The computer program accepts sets of orbital parameters and
accumulates angular momentum over one complete orbit per param-

eter set.

Angular momentum is output separately for aerodynamic, solar,
and gravity-gradient torques, each in the x, y, and z coordinates. As
the increments of angular rﬁomentum are devgloped, they are dumped
into an inertial system which is convenientlyllocated in the orbital

plane, at that point in the orbit lying in the projection of the sun vector.

~ The z-axis passes through the center of the earth, the x-axis is normal

to it in the orbital plane, and the y-axis is normal to the orbital plane.

This location of the inertial system was chosen because the yaw
angle, ¥, will always be zero at'this point. This simplifies the subse-
quent partitioning of angular momentum unloading between the roll

and pitch gas jets. This coordinate system is considered inertial

because the orbit plane is held steady during a single revolution.

—

!

A
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Between successive sampling points, the orbital parameters are

changed to allow for:

. Precession oi"”p‘eri'gee
) Rec‘ession ;;111‘18 of nodes
® Movement of sun vector
° Change in eclipse angles ' .-
° Change in périgee height and orbital eccentricity.

A sampling period of 15 days was selected since this corresponds
to a 60-degree shift in the argument of perigee. Hence, each set of six
successive orbital samples steps the argument of perigee completely

around the orbital. *

\

‘ _ Given the angular momenta output from the computer, the gas

expenditure is obtained by means of the following two successive steps:

° Computation of how the momentum unloading will
be shared between the pitch and roll gas jets. This
leads immediately to an estimate of gas thrust (in
pound-seconds) required to unload the angular mo-
mentum for a single revolution

° Multiplication of this expenditure by the number

of orbits taking place during the sampling incre-
ment (in this case, 15 days).

The computation of gas expenditure from angular momenta de-
scribed in succeeding pages below was originally done on a desk com-

puter. Subsequently, an addition was made to the main computer

- 13
. * Perigee precession and nodal regression rates are assumed
constant, o

/

1
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- program so that gas budget is now computed automatically and the cu-
mulative value output along with the angular momenta for each orbital.

An algorithm identical to that described below is used by the computer.

w88 {0 v .

Since the roll jets have a lever arm of 7. 68 feet, then a thrust of
-,,7—16—8- = 0,130 pound-second will be req{lired to unload uni-t“angul.a'f“rﬁb'-i” '

mentum (1 pound-foot-second). Similarly, the pitch jets have a lever

= 0, 324 pound-

arm of 3. 08 feet and hence will require a thrust of 3 108

second to unload unit angular momentum,

1

How much of the x, y, and z angular mamenta must be unloaded
by each of the pitch and roli_ jets depends upon the relation of the or-

bital to the sun vector., Two special cases clearly have simple solu-
3
tions: i

° When the sun is normal to the orbital plane
(S' = 09, 180°), yaw angle, ¥ , is always zero.
Hence, all the x and z momenta must be un-
loaded through the roll jets and the y momen-
tum through the pitch jets, ‘

° When the sun vectc‘;r,lies in the orbital plane
(S' = 909), V-is alw_layis + 90° (except for the
brief yaw reversal maneuvers at midday and
midnight). Hence, all x and z momenta must
be unloaded through the pitch jets and the y
momentum through the roll jets.

P T

For all other sun angles, all three momenta (x, y, and z) will be

partitioned between roll and pitch jets. The effect of this partitioning

»
3

4
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is to increase the gas expenditure somewhat, since, in effcct, momen-
tum is being unloaded by a pair of oblique thrusts instead of by, one per-
pendicular thrust. The amount of gas required to unload unit angular

PR Y ) ¢ .

momentum as a function of sun angle is shown in the following graph.

= 0.4
D E
52 0 B S I Y,
: ’Gg 0.3 W 1 L~ \T\
22 N\ \
s
25 0.2—
- 3 \
52 o 0
£ 0.
[N . 0

070720 30 40 50 60 70 30 50
[} ] t ] |
180 170160150140130120110100
Sun Angle S'

The WX curve applies to both x and 7z momenta and the W _curve to Lhe

o

y momentum. No distinction is made between the x and z angular mo-

menta since both are in the orbital plane and hoth are passed back and
B N .
4 7

forth between the same mix of'pit,ch and roll inertia wheels (though
there is a 90-degree phase difference between them). Absolule values

of x and z momenta were therefore added together. Inspection of this

PUF TR

curve shows the following:

© At S' = OO, 1800, x and z require 0,130 poun}d-}sqt'mul,

corresponding to roll jets only; y requires 0.7324 ponund-
second, corresponding to pitch jets only

]
/
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'Y This is reversed when S' = 900.

™ At intermediate values, there is a mix between these
two extremes. The extent to which both curves are
concave downwards (i, e., the extent to which they
depart from-straight lines) is an index of how much

gas is being lost through oblique unloading of mo-
menta. '

The above curves were obtained from a consideration of the yaw

angle function:

tan ¥ = -tan S' sin 6 ,
where 6 is the orbital angle from the sun vector.

The curves were obtained by averaging out cos ¥ and sin ¥ over
the orbit, using the abor{e function; this was done by an approximate

graphical procedure,

A more precise evaluation would produce a set-of curves, rather
than a single curve, giving weights as a function of argument of peri-
gee. All these curves Would be anchored at the same pair of coordi-
nates at S' = 0° and S' = 900,.'.;(}’1(:1' would have the same general shape.
This refinement was not attempted since it would be largely "'washed
out'' by uncertainties in the value of the true yaw angle during eclipse,
Furthermore, the argitim-é;lﬂthbf“périgee occupies all angular positions

about equally often, so that much of the discrepancy should average out.

\o
yio,
| SR

, ///7
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.‘ To obtain the thrust required to unload the angular momenta ac-
cumulated during a single orbit, WX and Wy were first read off from

the above pair of curves, given the sun angle S'. Wx was multiplied

ar sy B ’ -

by the arithmetic sum of the x and z angular momenta, and Wy by the

y angular momentum. These two were then summed to give the total

-

thrust required to unload all the secular momenta.

[

To obtain the gas budget for a 15-day interval, the single orbit

N

budget is multiplied by the number of orbits occurring in 15 days. This

number ranged from 224 for a typical POGO orbital to about 6 for EGO.

Table 1 illustrates thé development of gas expenditure. The or-

. ) bital for this example has an initial perigee'o’f 150 n. m.
}

{
t
I

A
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V. COMPUTED GAS BUDGETS FOR POGO AND EGO



B | B R A

IV. COMPUTED GAS BUDGETS FOR POGO AND EGO

pam LY -

DESCRIPTION OF FIGURES 1 TO 4

-

These graphs present the cumulated gas expenditure as a function

of time, plotted at 15-day intervals, under various conditions, *

kN

Figure 1 presents a set of POGO curves, four at an initial peri-

gee of 150 n. m. and one at 155 n. m. The four 150-n. m. curves show

the effects of different boom configurations upon gas consumption,

Reckoned in terms of the number of days required to exhaust 700 pound-

seconds of gas, it is seen that:

(1) Disregarding all booms gives a life of about 270 days

(2)  Including all booms except EP5 torus and SOEP an-
tenna gives a life of about 180 days

(3)  Including all booms gives a life of about 68 days*

(4) When the EP5 torud is rotated 90° into the xy plane
(as in EGO), the life goes up slightly to about 78 days.®#

.
3*

S
"~

See Appendix C for orbital parameter histories upon which these
runs were based,

T

Since these two runs were made, an error has been discovered in
the corresponding input data. As a resuli, the true curves would
show a somewhat higher expenditure than those shown in the dia-
gram. These curves were not rerun, since the correcpondmd gas
expenditures will clearly be unacceptable

/
//ﬁ/
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When case (2) above was run at 155 n. m. instead of 150 n, m. perigee,

the life was seen to increase from 180 days to about 210 days..

Figure 1 reveals that the presence of booms makes an immense
difference to the gas budget expenditure of POGO. It also confirms
what had already been forecast from preliminary computations based i

upon the boom dimensions and parameters~-that most of the noncancel -

ing boom torque was due to the EP5 torus and the SOEP antenna.

Most of these, and the cﬁrves in the subsequent graphs, show an
increase in slope as time progresses, due to the gradual sinking of
perigee caused by.atmosphéric drag. Many of the curves also show a
"humping' with an approximately 90-day period, due to the cyclic ef-
fects of solar perturbations of perigee height and the effects of the

" corresponding changes in the inclination of the sun to the orbital plane.

Figure 2 explores the effect upon gas expenditure of withholding

the deployment of the EP5 torus or the antenna. Simulations were run

.

at both 180 n.m. and 200 n. mr'._;‘i‘n{tial perigee. Assuming a 700-pound-
second gas budget, lifetimes under the various conditions are seen to

be as follows:

(1) No SOEP antenna, but with EP5 torus deployed, gave
a lifetime of about 120 days at 180 n. m. initial peri-
gee
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(2)

(3)

(4)

(5)

(6)

No EP5 torus, but with the SOEP antenna deployed,
gave a lifetime of about 195 days at 180 n. m. ini-

tial perigee

Neither EP5 torus nor SOEP antenna deployed gave

a lifetime of-about 275 days at 180 n. m. initial
perigee

The corresponding lifetime .at 200 n. m. rose to
about 322 days

All booms deployed gave a lifetime of about 130
days at an initial perigee of 180 n. m.

The corresponding lifetime at 200 n. m. initial
perigee rose to about 225 days.

v
The shape of the curve corresponding tercase (1) above was totally

unexpected; 1t shows that in.,the presence of the EP5 torus, withholding

deployment of the SOEP antenna may decrease the lifetime. This di-

3

1

rectly contradicts the € ‘fects of withholding its deployment in the ab-

sence of the EP5 torus, when a gain of 65 days' life was obtained. The

explanation lies in the complex boom geometry and the resulting depen-

dence of torque on yaw angleV .

o}
torque when V¥ = 90",
ing torque due to the offset in

the absence of the EP5 torus,

. /"l‘ Y

The SOEP antenna exerts maximum
At V= 900, the EP5 torus generates an oppos-
"ifs boom along the x-dimension. But in

the large SOEP antenna torque is mainly

unoppésed, hence exerting an appreciable effect upon the gas expendi-

ture.

-39-
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Two special curves are shown in Figure 3. The firsi gives the
gas expenditure history for 180 n.m. perigee with all booms deployed
but with all aerodynamic torques suppressed, The intention was to ob-
tain a limiting, or benchmark, curve showing the maximum possible
increase in lifetime obtainable by raising the perigee to gain the bene -

fit of a thinner atmosphere. As is seen, under these limiting condi-

tions, the lifetime is still slightly short of one year.

.

The second curve attempts to obtain a gas budget history under
conditions as closely resembling that made previously by STL. The

details are as follows:

° All booms were excluded

° OPEP was included, but the supporting cylinder
was excluded

° Paddle x Box shadowing was included
° The run was made at an initial perigee of 180 n. m.
o Gravity-gradient yaw torques due to gyroscopic

effects caused by the orbital-period rotation of
the satellite Were;‘éz‘ioluded, This was done bhe-
cause Otten's report ™ gives equations for gravity-

gradient computations which appear tc exclude
gyroscope effects.

% D. D. Otten,''OGO Attirude Control Subsystem Description, Logic,
and Specifications," Space Technology Laboratories; Inci. 2313~
0004-RU-000, December 1961, p. B 10, T

!
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We obtained a gas budget expenditure of about 154 pound-seconds,
This is about half STL's value. However, other differences between
the ‘two simulations have since come to light. Specifically, it appears
that STL used the ARDENIS;‘SQ ;t'andard atmosphere, which is more
dense at orbital altitudes than the ''quiet sun' atmosphere we used
(S = 75). But tending to offset this is the faét that STL used a perigee
altitude of 200 n. m. In addition, we are unsure of the exact way in
which STL handled the development of OPEP torques. In view of all

this, it is believed that the two programs cross-check as closely as

could be expected.

Figure 4 presents the:gas budget history for EGO. As expected,
the total expenditure was far less than for POGO, owing to the small

fraction of the orbital period spent in the near-earth environment,

2. EXAMINATION OF SOME BIASES AND ERRORS

Biases and errors inherent in the gas budget computations pre -

sented above are listed in the vf@ll_ovving table, where a distinction is

made between program defects and uncertainties in the values of irputs

accepted by the program,
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Major Sources Minor Sources
of Error and Bias of Error and Bias

(1) Uncertainties in atmo- | (1) Orbital parameter

spheric densit i rror
Program preric density sampling errors

Input Errors

(2) Uncertainty in value of
aerodynamic reflection

coefficients -

(3) Unknown yaw angle (2) Earth's radiation
history during torques omitted
eclipse

(3) Induced electromag -

(4) Omission of coulomb netic torques omitted

Program drag effects .
Defects (4) Effects of microme-

teoroids and solar
wind omitted

(5) Partition of yaw mo-
mentum unloading be-
tween pitch and roll
jets is inexact

S - R S e R e —

Atmospheric density estimates vary according to which atmo-
spheric model is used and the solar activity. Our gas budget computa-
tions used an atmospheric height/density profile obtained from the
publication "The Upper At'mb's’p‘h,e‘r;e in the Ranée from 120 to 800 Km, "
issued by the Institute for Spa;e. Studies. We selected their ''guiet sun'
model (S = 70), We feel that these density values may certainly be in

error by a factor of two. ....... .. .

The aerodynamic reflection coefficient ' cannot be determined
1 f -

experimentally (due to the impossibility of developing the;’,h'vafr‘d vacuum

s
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required), and its theoretical derivation inevitably rests on unvérifiable
assumptions concerning the thermodynamic interaciion between imping-
ing air molecules and the spacecraft surface. This is examined in
more detail in fhe next;:clf:ion: | In consequence, an uncertainty which
may easily amount to + 50 percent is introduced into the aerodynamic

-

torque computation.

Probably thé greatest defect in the program itself concerns the
treatment of yaw angle during eclipse. In the OGO spacecraft, con-
trol of the yaw angle is interrupted as soon as solar lockon is lost.

The yaw inertia wheel is then allowed to run down, transferring its
angulér momenturﬁ to the sﬁécecraft as it does so, In order to develbp
a reasonably accurate yaw angle history during an eclipse, the follow -

ing factors would have to be included:

(1) Run-down time function of the yaw inertia wheel
(2) Yaw angle rate at the moment of entering eclipse

(3) Torque history during the eclipse period.
A :

Of thgse three factors, the present program develops only the
last. Factor (2) pfesents the greatest difficulty, since our program
assumes perfect attitude-control of the spacecraft and does not carry
angle rate information. The conveniion was therefore adopted of hold-

ing the yaw angle constant during the eclipse period, Al,f’h!o:u:gh the size

BAARINC _ 4 _/_ T
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of the error so introduced cannot be computed, a straw-in-the-wind is
provided by a comparison of the gas consumption of certain "standard"
orbits computed with and without loss of yaw angle control. A differ-

e L .

ence of up to 30 percent was observed for some orbit orientations;
though for others, especially those with shorter or zero eclipse peri-

ods, the difference observed was little or nothing. These data are

expanded below in '""Computer Parametric Study. "

Since the "atmosphere' which OGO is moving through most of the
time is really a plasma, and also because of the photoelectric effect,
the spacecraft acquires an electric charge. This in turn entrains a
film of plasma which effecti\}ely increases the projected area of cross
section of all parts of the spacecraft, hence increasing atmospheric
drag. This increased area of cross section can be roughly computed

using the hypothetical "debye length, " which is ccmputed as follows: "

. N L S TNz
h = debye length = izn e2 ° 6.9 (Tl >
. e e
g
where:
K = Boltzmann constant = 1,380 x 10° ~ erg/degree

40
Charge on proton = 4.803 x 10 ESU

(¢]
il

See Lyman Spitzer, Jr., Physics of Fully Ionized Gases, Wiley,
1962. B
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T Temperature, OKelvin

n

e Number of electrons per cubic centimeter.

Thus, for éxampl-e;"-if T = ZOOOOC. and ne ”-'105/cc, the corre-
sponding debye length is 1 cm. The extension of the projected area of
a compact satellite like Vanguard, 1 cr,n in all directions makes ﬁo-
appreciable difference to drag. But satellites like OGO are apprecia-
bly affected, due to a very large perimeter created by the various
booms and appendages. Debye lengths of one-half inch to one inch are
possible in the thicker parts of the atmospheric plasma through which
POGO moves, causing a corresponding drag increése of 14 to.30 per -

\

cent.

The minor sources of error will now be briefly commented upon.
First is that arising from the sampling of orbital parameter values.
The present program computes gas expenditures for'a succession of
single orbits which are spaced throughout the year's lifetime of the
satellite. Orbital parameteAfs are assumed to hold constant during a
single revolution. Each'such»;d@t’;it has a separate set of input param -
eters, these being adjusted to allow for orbital changes occurring in
the elapsed time at which successive orbits are taken., This sampling
procedure saves comé’uté‘t*ib‘r‘l time (e. g., in the POGO gas budget com-
putation, the total number of orbits amounted to 5400, from which 24

[ kd

were sampled for gas budget computations). It also avoids the need

cy
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for orbital perturbation subroutines which would have considerably
enlarged the program. This is achieved at the cost of introdycing
sampling error. - This may be held to a minimum by application of

- #8 L ¢

good sampling practice, i.e., by ensuring that orbitals are sampled

representatively with respect to those factors influencing rate of gas
consumption. Three such factors are: perigee height as a function of

time, inclination of the orbital plane to the sun, and value of the argu-

ment of perigee,

Earth's radiation (and reflected solar radiation) was ignored.
Although these two factors .combined may sometimes approach direct

solar radiation, this should not perturb gas budget computations seri-

ously, since:

o In POGO, solar torques are far outweighed by
aerodynamic and gravity -gradient torques

o In EGO, the satellite spends only three percent
of its time within one earth radius of the earth.

Torques from elec@roﬂlggn_c—;tic interactions with the earth's mag-
netic field were found to be trivial since the means of developing elec -
tric current circuits of sufficient magnitude within the spacecrafr did
not appear to exist. By no stretching of the imagination could we de -
velop an electromagnetic yaw torque which approached that caused by

gravity -gradient closer than about two orders of magnitude,

)
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Micrometeoroids and solar winds were disregarded since they
appeared to develop forces two or more orders of magnitude less than

the major forces considered.

ar 88 {0 ¢ .

Since all yaw angular momentum must be unloaded by the pitch
and roll gas jets, the amount of gas required to do this will be a fune=
tion of the altitude of the spacecraft as each incremént of torque is
acquired. To compute the gas expenditure accurately would require a
dynam‘ic program which carried reaction wheel loadings at all times so

that individual gas firings could be simulated. This was not possible}
-

P

in our nondynamic program. Hence, a statistical averaging procedure

was used (seé Section III). Tt does not appear. that the error entailed

should be more than a f3w percent at most.

In summary, it appears that the gas budget estimate of POGO is
beset by many errors which together amount to something in the neigh-
borhood of a fourfold error, insofar as this can be estimated. EGO

gas budget estimates, howeyer, should be quite accurate. This is be-

L
cause the small aerodynamic-torque impulse per orbit renders uncer-

tainties in this torque innocuous, and because eclipses occupy at most

only a small fraction of the orbital period. Hence, yaw angle is usu-

ally controlled, and all the factors required to compute gravity -

gradient and solar torque impulses are subject to only small errors.
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3. DISCUSSION OF REMEDIES

From the curves presented earlier in this section, it is evident
that no amount of raising'of the -initial perigee (within reason) will give

a year's life, given an available gas budget of 700 pound-seconds.

-

If all booms are deployed throughout, it appears that about a

half-year's life would be obtained, given an initial perigee of 190 n. m.

S

If the EP5 torus and the SOEP VLF antenna are both undeployed,
a lifetime of about 275 days should be obtained at 180 n. m. initial peri-
gee. If the decision is made to deploy these appendages at some
epoch t during the year, théh the corresponding gas budget may be ob-
tained simply by lowering the "all booms deployed' curve till it inter -
sects the ''no EP5 torus or SOEP VLF antenna'' curve at epoch t and
then reading off the date at which 700 pound-seconds of gas (or other
value) are expended. If telemetered housekeeping data giving control -
gas pressure are available for any epoch t after launch date, then this
information can be used to ééj}ig;’c.:the slope of the gas budget expendi-
ture curve obtained by simulatioﬁ. This will give a refined estimate
of the expected lifetime and hence will provide a more solid basis for
ground-control decisions; e, g."; for deploying previously undeployed

booms.

/Af
[~

i
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We understand that one method of gas expenditure reduction cur-
rently under consideration is the addition of a compensating sale in an
attempt to balance out asymmetric pressures which are the cause of

P LY .

the high aerodynamic torques.

In the course of developing the_ae.rodynamic torque equations for’
the gas budget simulation model, drag coefficients had to be developed
for variously shaped components. These drag coefficients are func-

tions of ¢ and o'. We early became impressed by the sensitivity of

drag coefficient values to those assumed for ¢ and ¢'.

Jfall drag c_oefficienfs_ were of the same form, then any bias in
the values of ¢ and o' would merely scale all torques proportionately,
including that due to the added sail. But when different types of drag
coeffici.ent are simultaneously present, a bias in ¢ and o' would upset

the compensating effect of the sail, possibly severely.

A simple example will drive this home. The force equations we

used were: , TF

For plate surfaces

/
| A
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where:
c! = pressure reflection coefficient
] = tangential stress reflection coefficient
P = preéga;lé du;e.to Maxwellian rebound
Pi = impact»pressure L
TS = incident tangential stress
T = reflected tangential stress.

Consider the first of the above equations. V‘Ve}dropped the second

term, since it appears that wall temperatureg to be expected in POGO

will lead to low -energy Maxwellian rebound.

... If the subsequent re-emission is completely
diffuse, it "¥ill leave associated with it a momen-
tum flux p ., which is orders of magnitude less
than the in.ident flux, *

When o' = 0, there is 100 percent specular reflection; when

' = 1, reflection is totally Maxwellian.

For convenience, put 1 <¢'; = r, so that r corresponds to the

. proportion of rebound which is specular. Then, (2 - o) P, becomes:

P; (1 +r) for plate surfaces

-~ PAF TSN

*

Evans, Torques and Altitude Sensing in Earth Sateﬂiteé, edited
by Fred Singer, Academic Press, 1964.
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or pi(1+rf)

for surfaces other than plates, where
f is a coefficient which is a function
of the shape of the surface.

The term in parenthesé€s’is equal to half the drag coefficient. Thus,

the drag coefficient may be written:

Our model considers four kinds of

C, = 21 +rf).

d

values: ’
Plate: f
Cylinder: f
‘ Sphere: f
Torus (edge-on)*: f

o WI.P

shapes with the following f

foury

|-

The following table contrasts drag coefficients for these various

shapes as ¢' is changed from 0. 8 to 0. 2:

Shape Drag Co'e.fficient . Drag Coefficient g

Formula o' =0.8] o =0.2 }

Plate 2(1 +r) 2.40 3. 60 é

Cylinder 2(1 + -:13— r) 2.14 2.53 i

Sphere cim2(1 % 0) 2. 00 2. 00 é

Torus (edge-on) 2(1 - -é—r) 1.96 1. 82 g

. _ * Courtesy of Ben Zimmerman, GSFC. ;

' /7L7
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Hence, when o' goes from 0. 8 to 0. 2, the plate drag increases
by 50 percent, the cylinder drag by 20 percent, and the spherg drag re-

mains unchanged. The edge-on torus drag moves in the reverse direc-

T Y ’ -

tion, going down slightly. (The EPS5 torus antenna is edge-on when yaw

-

angle ¥ =+90, When V¥ =0, torus is perpendicular to the wind, and

the drag coefficient corresponds to that of a cylinder. )

Following STL, the values we are currently using for both ¢ and

o' are 0.8. Other authorities appear to support high values for ¢ and o',

... No empirical values of ¢' have been obtained
at present. It will be noted, however, that for
. air incident on most surfaces,a=¢ = 1. Ii is,
. therefore, to be expected that ¢'= 1 also.*

But conflicting opinions have also been found:

... More recently, molecular beam experimenta -
tion has indicated a downward shift in these values
....It is entirely possible that all prior dates will
have been discredited. The coefficients may be
found to vary greatly from one another, as func-
tions of surface, temperature, speed, and inci-
dence. *% . . S :

* Handbook of Supersonic Dynamics, Section 16, Mechanics of
Rarefied Gases, Navord Report 1488, Volume 5.

i -
. *%  Evans, op. cit. g A

' %
e
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R. Schausberg, in Rand Report RM-2313 ("'A New Analytic Repre-
sentation of Surface Interaction for Hyperthermal Fall Molecular Flow
with Application to Neutral-Particle Drag Estimated of Satellites''),

P Iy ’

after a consideration of the thermodynamics of the interaction of air

-

molecules with the wall surface, develops an expression for ¢' which

under POGO conditions would be 0, 057,

/
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V. ANALYSIS OF TORQUE ORIGINS AND
THEIR DEPENDENCE UPON
ORBITAL PARAMETERS

-

1. BREAKDOWN OF AERODYNAMIC TORQUES

In order to obtain some feel for the torque contributions made by
various components and appendages of the spacecraft, normalized
torques were computed for yaw angles of 0° and 900, respectively., The

breakdown is presented in Figure 5 in bar diagram form. Normalized

torque is that torque which would be obtained for unitary pv?e

It is clear that when V¥ = OO, EP5 and associated torus contrib -
utes the greatest single torque. Further, it is seen that in the absence

of the EP5 torus, all other torques are largely self-canceling.

Differences between POGO and EGO result largely from the ori-
entation of the torus; in tbe Case[ 31‘ POGO it is in the yz plane, while in
EGO it is in the xy plane, Asna:result, the whole toroidal loop is nor-
mally exposed to the wind in POGO (V¥ = 00); whereas in EGO, the pro-
jected area of the torus depends on flight path angle y. When y - OO,
only the front edge of the torus is exposed to the wind; when y = 1. 50,,

the rear edge of the torus is unshadowed; finally, when 2= 900, the

/
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exposure is the same as for POGO at 7 = 0°. (The flight path angle in

POGO can be neglected since its maximum value is only 3. )

When ¥V = 900, the-SOEP antenna is the major contributer. The

torque is greater for POGO because the antenna is 60 feet long, com-

[P

pared to 30 feet for EGO. o -

"

Figure 6 shows the effects of debye lengths of one-half inch and
one inch upon net torques. Again, differences between POGO and EGO
are largely due to differences in torus orientation. In addition, the

-
high~gain antenna in EGO adds about eight percent torque to the total,

for debye length of one inch-,_ due to its very large perimeter.

These two bar ch }ts do not give any feel for the dependence of
aerodynamic torques u}fbn yaw angle since this is swept through 360 de- .
grees. The relationship is a complex ohe, due to the subtleties of
(Box) x (Paddle) and (Paddle) x (Boom and EP) shadowing. Figures 7
and 8 present aerodynamic torques as a function of yaw angle. Of par-
ticular interest is the asymfﬁc;fify_xin the yaw to.rque; it is seen that two
null points occur at V¥ = 60o and V¥ = -1200. The second graph, which
analyzes yaw torques into causal components, shows the reason for

this; it is largely due to the 80+degree phase difference between the

SOEP antenna and the EP5 torus torques.
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2. CYCLIC AND SECULAR DISTURBANCE TORQUES

The torques to which the spacecraft is subjected are of the follow -

ar @8 {0 ‘.

ing three kinds:

Cyclic Control Torques

Cyclic

Disturbance Torques |
Secular :

Since the inertia wheels have been designed conservatively with

enough storage capacity to observe cyclic (i. e., self-canceling) torques
-

)

from all courses over a complete orbit, gas jet firings will only be re-
quired to unload disturbance torques accumulating within each orbit

and between successiveyorbits.

{

Y

As a means of chécking the validity of computed angular momenta
per orbit during program debugging, an attempt was made to analyze
the accumulation of angular momentum for roll, pitch, and yaw angles,

separating cyclic from the secular components in each case. This

YA

done, it was then possible to make crude '

'slide -rule' estimates of
noncanceling torques with which to confront corresponding momenta

generated by the program. A "fringe benefit' of this analysis is in in-

dicating the dependence of gas expenditure upon the orbital parameters

and orientation.

! [
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The problem in conducting this analysis was to find an intuitively
easy means of translating torques generated in the satellite body coor-

dinate system to an inertial system. The ''closest' inertial (or rather,

s oy 88 4 ot + .

irrotational) system to the body coordinates appears to be that defined

by the plane of the paddles, together with an axis perpendicular to it.

-

When the satellite is properly controlled, this latter axis will always

point to the sun.

x

When the satellite in this irrotational coordinate system is viewed
looking from the sun, the following movements are observed during

each orbital revolution:

° One 360-degree revolution of the paddles around the
centroid of the satellite in the XY plane of the iner-
tial system

Q A nutation of the spacecraft y-axis carrying it in a
circle which touches the zj-axis at one point and
subtends a maximum angle of S' degrees to it galf
a revolution later. Hence, when S' = 07, 1807,
there is no nutation.

-

These two motions, occuf._f'simultaneously, i. e., are superimposed
on each other. One effect of the combined motions is to keep both y and

z faces always hidden from the sun.

Both motions are illustrated below. The rate at which the two

motions occur will be uniform for circular orbits. For noncircular
o -

Vi,

' : ﬁ
,///
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orbits there will be a nonuniformity implying unequal dwell times at
the various orientations; this asymmetry will be further increased as
the argument of the projection of the sun vector in the orbital planc

moves away from perigee or apogee.

To Sun
Yia 7 A c
! Y-Axis of
Spacecraft
v

Table 2 shows the extent to which torques in the three dimensions
(pitch, roll, and yaw) from thrée origins (aerodynamic, solar, and

gravity-gradient) are self-canceling. The table presents these as a

HE
Yoo

* e
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function of orbital position relative to the sun. This position, for a
given orbital ellipse, has only two degrees of freedom:
° Inclination-of-the orbital to the sun vectoor; this is
given by angle S'. Angle S'is 07, 180 when or-
bital is normal to the sun, 90 when edge—on.
° Argument of the projection of the sun vector in the -
orbital plane from perigee; this is given by angle 5.
The orbital orientations are indicated geometrically on the left of the

table. The sun is looking normally into the paper in all cases.

A glance at the table shows that different symmetries hold for
aerodynamic, solar, and gijavity-gradient forces., This is not surpris-

ing, in view of the difference in orientation of the three forces.

For orbitals below 180 n. m. perigee, torques of aerodynamic
origin, particularly yaw torques, are the major cause of gas expendi-
ture. For normal POGO orbits of eccentricity in the neighborhood of
0.04 to 0. 05, most aerodynamic drag occurs over a small sector of
the orbit in the immediate ﬁé%gl}borhood of per-igee. This asymmetry
eliminates most of the possibility for torque-cancellation., A marked
exception is for orbitals edge-on to the sun with & = 0O or 1800, which

leads to self-cancellation of yaw torque. Partial cancellation of this

. . 0
component of torque occurs for S' at intermediate angles between 0

st

: A
-66 - BAARINC ;‘qf_/,,ﬁ/‘,,‘//‘_
g



and 900. For circular orbits, however, the corresponding uniformity

of air drag leads to a cyclic cancellation of most aerodynamic torques.

Complicatihg the.whole aerodynami'c torque picture is the rela-
tion of torque to yaw angle; the function is not symmetrical with respect

to positive and negative angles. A ’ Lo

Comparatively speaking, solar torques are not important for

POGO:orbits.

Gravity-gradient torques show a higher degree of symmetry than
aerodynamic, owing to the fact that the force does not vary much over
the orbit. Thus, for S'= 900, yaw gravity-gradient torque (which is
the largest of the three) mostly cancels, no matter what the value of &

may be.

The preceding analysis is complicated by the occurrence of
eclipses, which introduce an asymmetric influence. This will be

greatest for edge-on orbitals with & = 90°, 270°. The effect of

eclipses on torque -cancellatiqlrli;"fdllows mostly from the loss of con-
trol of the yaw angle. During the period of eclipse, there is no easy
way of determining what happens to the yaw angle; hence, it is difficult

to conclude what effect eclipse’s would have on the analysis presented

in Table 2,

. I3
1 ///'7
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In conclusion, it appears that for POGO orbitals, the "best case"

from the point of view of gas consumption will occur for edge-on orbits

with & = 00, 1800, since this leads to cancellation of some aerodynamic

e A ¢ .

yaw and all gravity-gradient yaw torques.

3. COMPUTER PARAMETRIC STUDY ' -

Gas budget expenditures were obtained for single orbitals‘ for four
. . . . o} o) o. i (o}
orbital inclination values (0, 457, 907, “and 135°) and three argument of
perigee values (00, 900, and 1800). These are presented in factorial
form below. Shown in parentheses are corresponding values obtained

by suppressing eclipses. All orbitals had a perigee of 180 n. m,

Argument of Sun Inclination (to orbital plane) EJ

Perigee 0° 45° 90° 135° El
0° 0.209 | (0355 | (0 208) | (o500

90° 0.209 | 220 | (0129) | (0. 000) g

T N I RO BT

. 2 S : R

It is emphasized that the pattern of expenditures obtained is de-
pendent upon perigee altitude which drastically affects the torque con-

- o b o s

tribution of aerodynamic origin.

/

/I
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Certain trends can be detected iﬁ the above data:

° Sun inclinations of 0° and 90° are associated with
lower gas consumption, probably because very
small gravity-gradient torques are developed un-
der these circumstances.

. Argument of perigee value of 90° seems to be
associated with smaller gas expenditures. This
may be because the aerodynamic null point (see
earlier part of this section above) is brought in-
to coincidence with that region of the orbital in
the neighborhood of perigee where most of the
aerodynamic drag occurs.

c Suppressing eclipses reduces gas expenditure.
This is probably becagse the yaw angle is in
control during all 360 of each orbital; the con-
sequent symmetry leads to cancellation of
those torque components which are cyclic. The
magnitudes of the differences between eclipse
and no eclipse orbitals give some slight indica-
tion of the effects of the convention adopted by
this program of holding the yaw angle constant
during an eclipse,

) : /
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APPENDIX A

CALCULATION OF ORBITAL PARAMETERS
OF INITIAL ORBIT

P I Y ] ’

1. INTRODUCTION .

Information concerning the properties of the satellite orbital
must be computed from the injection parameters. The information

given and the information required are as follows:

Time of Injection Orbitétl Inclination (&)

Longitqde of Injection'_\ Point Argument of Ascending Node (B)
Latitude of Injec";ion Point Semin:lajor Axis (a) .!
Altitude of Inje: ;*L:ion Point Argument of Perigee {),)

Velocity af Injection Eccentricity (e) ’
Azimuth of Orbit at Injection Sun Angle from Autumnral

Equinox {9)
Flight Path Angle at Injection

Date of Injection -
a

The required orbital parameters are with reference to the eclip-

tic plane. The computational flow to obtain these orbital parameters

is shown in Figure A:-l.,--~ - ~

4
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APPENDIX A(3)

It will be seen that the degrees of freedom supplied by the

injection parameters are sufficient. They are distributed as [ollows:

e I ' -

g -
3 B Locate Orbital Plane in Space i
A Needed for
OGO
a Prograi
2 Size and Shape of Orbital
e
I S Sun Location
l H Earth Hour Angle Not Needed
- . for OGO
I 6 Argument of Injection Point Program
8 = Total Degrees of I'reedom

parameters with respect to the equatorial plane.

Also needed for computing orbital perturbations are the orbital

These are obtained

as intermediate steps in the above computations. These parameters

are:

L
Q = argument of ascending node from vernal
equinox
w = argument of perigee from vernal equinox
i = inclination of orbital plane.

i

/
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APPENDIX A(4)

2. COMPUTING INCLINATION OF ORBIT

cos A = sin B.gos. a ..

or ' O<§°\/

cos (inclination) = sin (azimuth)

cos (latitude) }
a

inclination = arc cos {sin (azimuth) -

cos (latitude)} . s —Equator
At the equator, cos (latitude) = cos (0) = 1, so inclination = arc
cos {sin (azimuth)} ot

‘arc cos {cos (90O - azimuth)}

90° - azirjuth.

|

i

"At all other latitudes, cos (latitude) < 1, so

Il

. . . o . . . . . . O
inclination > (90~ - azimuth) i. e., azimuth + inclination ™ 90 .

If latitude = 900, cos (latitude) = 0, cos inclination = 0, and
inclination = 900. A
Hence, all three angles of A = 900, azimuth + inclination = 1800.

In conclusion, (90o - azimuth) < inclination < 900.

/‘
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APPENDIX A(5)

3. COMPUTING LONGITUDIZ OF ASCENDING NODE FROM

VERNAL EQUINOX (IN EQUATORIAL PLANE)

o L YR ’ -

. o
o 3 -
L “ s
—| x5 2 <:J 3 ,8’ g
ol o p 310 vlo 3 o
£i.c S g 2 3l e —8 -t -
(D o= 1o .
>18 6 2|2 B84 L
. - Ols. S < c [njection Point
N 5
\ 5| o=latitude
' 9
£
V\U”l'ver \ .Equator
Timg ! skong; tude
g Nede® b
Asc. Longit Longityge, :
Cending Ude of eiof Injection——]
Ve, 3 -~
erno[ Ear. - e Fl'o,.'7
Ihox

Clearly, once b is obtained, the longitude of ascending node is

obtained by successive additions of angles.
. G

We have

tan (latitude)
tan (inclination)

sin b = tan (1ati'§ude) * cin (inclination)

. /
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7\/



APPENDIX A(6)

We may note that

e  If latitude = inclination, sin (b) = 1, b = 90°.
° Considering the rearranged form:
tan (latitude) = tan (inclination) - sin b.

For a given inclination, latitude will be a
maximum when b = 90°-» sin b = 1.0, at
. which point latitude = inclination.
There are sign difficulties in computing b owing partly to the
split-circle of longitude measure and partly due to the fact that bear-

ings'made south of the equator are still with reference to the North

Pole.

4. COMPUTATION OF ARGUMENT OF PERIGEE

This computation proceeds by the following steps:

° Find semifnajorj axis of orbit from
1/a =2/r - V3 oy
° Find q = r/2a
® Find true anomaly of injection point, 6,

from tan (6 - y) = tan 7 k1-2q)

° Argumenf of fngectlon (a0i) is obtained
from cos (azimuth) = tan (latitude) - tan (aoi)

© Finally, argument of perigee ®, is given by : = -
w = (aoi) -6. o

iy
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APPENDIX A(7)

Note that flight path angle is

positive = 0<6<180

I X .

negative = 180 < 6 < 360.

[From the relationship y = arc tan { = sin E}:l ‘
‘ 1 - e2

5. COMPUTATION OF ORBITAL CHARACTERISTICS

This section deals with the computation of:

© Orbital parameter, p

° Orbital eccentricity, e

° Perigee radius, r,

o Apogee radius, 1.

] Maximum flight path angle, 7max

o ® corresponding to maximum flight
path angle.

¢

-

V
The orbital parameter, p, may be obtained from the following rela-

tionship:

rvcosy =ANzNup .. . .

(rvcosy)d
b ' -

/
/f )
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APPENDIX A(8)

Eccentricity, e, is then obtained from

et @ = \h - p/a

where

a = semimajor axis. -

Perigee radius or apogee radius are obtained from

r, = a(l - e)
Tigo = a(l +e).

6. DETERMINATION OF ORBITAL PARAMETERS
RELATIVE TO ECLIPTIC PLANE

-\
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APPENDIX A{9)

(1)  Location of Argument of Midday Sun From
Autumnal Equinox Along Ecliptic

N ¢

The argument must be taken from the autwummnal and not the
vernal equinox since, though we are in the ecliptic plane, our = -
inertial system is geocentric and not heliocenirié¢. This creates

a 180° phase difference.

Summer Solstice

Tropic of Cancer

T ST CUNNY AN G SEE EIOmN SEuRd COMGE BOums MmN SHE: Seame GRrmt SIERE GWAES Ghekkl WM EROT SRR ST Bemme e -

Latitude of
Midday Sun

Autumnal

Equinox Equinox

Tropic of Capricorn

L e e e - G BRI St WESGN PN VTN WRES TR St UReW aun WO Tt Teem Waes Ml S

Now Winter

Solstice

-

This argument .corr:é“s"bo'nds to STL's, S, and is given by the
proportion of the year which has elapsed since the earth passed
through the vernal equinox (or time since sun passed through

autumnal equinox).” It"is therefore given by

days since vernal equinox)
l"‘ !

S = 360( 365 - 1/4

BAARINC _\z_f
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® - APPENDIX A(10)

(2)  Latitude of Midday Sun

The latitude of midday sun is given by:

e AL X ’

sin (latitude) = sin (inclination) - sin (-S)

-

I

0. 3987 - sin (-9).

o

(3)  Angle of Inclination of Orbital to Ecliptic

CoOS A =-cosB-cosC+sinB-sinC - cos a

where

Q
I
(A
wW
1
—
~
V]

cos ¢=-c0s (180-1i): cos23-1/2+sin(180-1)* sin 23-1/2+ cos Q

= 0.9171 cos (i) + 0. 3987 sin (i) - cos @

-

since L
. ra

cos (180-i) = -cos i

sin (180-i) = sin i.

When the orbit is inclined in the reverse direction, the

angle obtained is the 180° complement:

’
/
BAARINC o /L ]
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APPENDIX A(11)

il

cos (180-%) -cos icog 23-1/2 + sin i sin 23-1/2 cos Q

il

cos ¢ 0.9171 cos i - 0.3987 sini cos Q .

P YA v -

(4) Argument of the Ecliptic Ascending Node From the
Vernal Equinox (=8)

cos A = -cosB:-cosC+sinB -.sinC . cos a
cos (180-i) = -cost-cos 23-1/2+sint-sin23-1/2-cosfB
cosi = 0.9171 cos & - 0.3987 sin £-cos B

0.3987sint - cos B = 0.9171 cos & - cos i

0.9171 cos & - comi

cosf = 0. 3987 sin &

Had the ecliptic crossed the equator in the reverse divec-

tion from C, the above equation becomes modified to
. -
il

cosi-0.917! cos¢
0. 3987 sin &

cos B

Ty
S
BAARINC o _ /i
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(5)

APPENDIX A(12)

Argument of Perigee Along Ecliptic From the
Vernal Equinox (= A)

P L R ’

Referring to the above diagram, it is seen that:

"

(= w + c if ecliptic crosses in reverse direction)

cosC = -cosA-cosB+sinA: sinB- cosc

0.9171 = -cos (léO—i) - cos & + sin (180-i) * sin ¢ cos ¢
= cosi-cos&+sini- sin & . cosc

cos ¢ = 0. 91.-71 - cosicost

sini- sin &

'
/,ﬂ
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APPENDIX B

COMPUTER PROGRAM PRINTOUT

R
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c PROGRAM ORBIT

COMMON PSl’Pb!V’PblY’Pl:PHI:PHIP;luVrIUPvXGlYGlZG

1 9HSsHBIHT s COMPIAELIBELSHIEEL Y WIFLICELYPADWIXX2TPS] TPHI*PADIZI9SX
29SYsEXIFYSFLITA(3)
3136(6)91S6(B)1FUY(B)IIFUXI6)IIFSXIBISFSY(6)ICANT(6E)185(6)252(6)9C3(6)
ulCI(S)'CS(D)’BX(G)ICOPEP(S)'BOOM(|0’“J1$PH(!01“)$CYL(iO!Q)!PLNE(
SIO!Q)tOPEP(o)vTORQ(@ﬁ:J)vaL
51AYIAZIABSYACE P AFSIACPIACSIVIATMOC IS )Y VELITS(3)20PC3)sALT
TIAPIGAMAIAXIFACTOR INUSHAD*GAMMA NEGO 0NDAY$

317G COV::GTHx:uTvaGTﬂlrxxl1YYIvZlexSUHrYSUH:ZSUH

OIMENSION T(385)

DIMENSION AFMAT(393)rAIMAT(313) i ‘ -

DIMENSIUN BMAT( 393}y CMAT{313)
OIMENSION TGU3)sTASUMI 3 )1 TSSUMI3 )+ TGSUMI3)
SIMENSLON THRSTX(20)2 THASTY( 20 ) »
ODIMENSION TAINT(39365)0 ISINT(35365)9TGINT(39365)
7676 FORNMAT( [HOISHNUMBER OF OAYS = 16)
240 FORMAT{ | HOSHAERD 3E£1648)
| FORMAT(20Xs4F10.0)
2 .FORMAT( I6X4E16.8)
3 FORMAT{20X1415)
1001 FORMAT{10X96F10.3)
1002 FORMAT(10X3E20,8)
PI=3.1415926
RAD=0.0170453293
DEG=57.295779
7777 CONTINJE
REAU(513)INOSHADINEGOINDAYS
READ(S91001 JFNORE
READ(SI3)I1ALIRI LSUNS IGRAY,
READ({S93) ITORTA
NOSHAD = NOSHAD®+|
READ (521001 )FUyst4XsCANTIS29C39C
READ L 514001 JBEXICUPEPICPEP
READ (39]001)869S61B59C5IFSXIFSYsHIEELIAELIBELICELIFLIWISGMAISGHAP
REAU(S91001) XG1YG6r26
READ (391 )AY2AZIAUPIAPIABE2AXIABSIAFSIACS
READ (391004 )J0P
READ (351002)ATHO
READ (321002)V
READ(S11001 )ITHRSTX
READ(S59 1001 )THRSTY

c A IS SIMIMAYUKR AXISsE 1S ECCENTRICITYrAT IS INCLINATION OF OHBITAL PLANE
c FROM ESLIPTICYS IS ANGLE OF SUN VECTOx FROM NEG VERNAL EQUINOX»OMEGA
c IS ANGLE FxOM LINE OF NOUDES TO PERIGEE

READ(S2 1 )XXLoYYIZL]
READ(S» 1 )GTAXIGTHYsGTHZ
READ(SP3INORBITININTERY [PRINT -
*EAD(S'I) TRARREP e,
READ(592) GMIRE . L4t
FINTER=aNINTER
8GASX=D, ’
SGASY=).
00 10032 10R8=1s1NOKBIT
NOJAYS = NJDAYS2]IORSB
READ(S59525)A

5§25 FORMAT{20XIE1648)
READ(Ssi) E9X11S
READ(SY | JOMEGAI3ETA
READCS P JALPHAIPALPHA2 P ALPHA3 I ALPHAY
ARITE(5953)°

BAARINC
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53 FORMAT(IHITISX140HINPUT INFORMATION AND ORBITAL PARAMETERS)
ARITE(5259) ASE
59 FORMAT(4HO//IHDs30Xs I8HELLIPSE PARAMETERS/IHU»30Xs2HA=EI648910X12H
‘E‘tlbcs)
ARITE(S260)6M2RE
60 FORMAT(IHO//1HO»30UXs SHCONSTANTS/ IHOs25X 1 3HMU=L 16, 89 10X23HRE= E1648)
ARTTEC 8161 INORBITININTEN) ERRKEP
51 FORMAT( 4 HOiBHNUMBER OF ORBITSI6/|HO33HNUMBER UF INTERVALS IN EACH
FORBITIS/IHOI THREPLER ERKOR TESTFI0.8)
ARITE(S5155) BETA!OHEGA!N)«X
55 FORMAT({HO//IHO3SHORBIT ANGLES BETAIOMEGAISIX] IN DEGREESQ(FIO.“))
ARTTE(S9203)ALPHAIIALPHAZIALPHA3IALPHAL T T LT
203 FORMAT(|HOI5X38HECLIPSE ANGLES MEASURED FRUM PERIGEE4F10.4)
" ALPHA|=ALPHAI®#RAD
ALPHA2=ALPHA24RAD .
ALPHA3=ALPHA34RAD
ALPHAU=ALPHA4GRAD , . .
BETA=RADGBETA
XI=RAD®X]
+ §=RAD®S
OMEGA=RAD®OMEGA
IFCALPHA2 LT ALPHA| JALPHA2=ALPHA2+2,6P]
IF{ALPHA3. LT ALPHAZ JALPHAZSALPHA3+2 0P ]
IFCALPAHAL LT ALPHA3 JALPHA4=ALPHAL+2, 6P ] ;
DO 247 1=1{13
TASUM( 1)=0. -
TSSUM( 1 )=0. .
T6suUM( 1)=0.
16¢1)=2,
Tal1)=2, L
ts(1)=9. .

. 247 CONTINJE o \
. COSSPR=SIN(X1)eSIN(S-aETA )

IFLCOS3PR.GT#0.) ¢ TO 72
IF(COS3PR.LT&0.) U TO 75
SPR=P[/2. i
GO TO 73 ° '
72 SPR=ATAN(ABS((1,~COSSPR3&2])#8.5/COSSPR)) ' K
G0 T0 73
7S SPR=PI~ATAN(ABS(( 1,~CO55PR®®2)e8,5/COSSPR))
73 CONTINJE
PSPR=SARGDEG
P=(2.8218A821,5)/6Mee,5
PMIN=P/B0s
6 TINT=P/FINTER
DELTIM=0,
ARITE(5966)
86 FORMAT(4H{|»30Xs53HCOMPUTED ORBIT PARAMETERS-THAT REMAIN CONSTANT T
IHROUGHJUT JRBIT) .
WRITE( 5367 IPSPRISFR. 4o
67 FORMAT{IHO//IHO24HSUN VE crOR ANGLE SPRIME=EI6.89 104 DEGREES (E|6.8
"7 139H RAJIANS))
ARITE(5250)PIPMIN
50 FORMAT(IHO/7/1HOISHPERIOD IN SECONUS=EI6.898Xs18HPERICD IN MINUTES
I=E16+8) .
00 100 N=tsNINTER
FACTOR={,
INDECL s}
Ti=N
G0 TO {4253220)r1TORTA
425 T(N)I=TI=TINT
THIN=T(N)/60.

' . BAARINC _K_yg//ﬁz



45

220

428
429

430

427

431

426

213

AMEAN=(2.,8P1&T(N))/P

ITERATIVE PROCEDQURE FOR KEPLERS EWUATION
CALL KZIPLER(AMEANSEIERRKEPIE29KC)
COMPUTE TRUE ANOMALY ANGLE XNU
A)=SIN(E2/24)
A2=C0S(E2/2.)
IF(A21321093
IFCAE 1901012
ANGLE=3,8P1/2,
60 T0 |5
ANGLE=P1/2.
60 10 Is : -

A3=Al/82 -
CALL WJADCKIAIPA29A310)

B=a{(ie*tE)/{le~E))0n,5 5.

TANGLE=BBA3

ANGLE=ATAN(ABS( TANGLE ))

CALL CORANGCANGLEsJsTANG)

ANGLE=TANG

XNU=2.#ANGLE

0 TO 426

CONTINJE

XNU=360./FINTERsT1®RAD

Al=SIN{XNU/2:)

A2=COS{XNU/ 24 )

IFLABS{A2)-.00001) 427242892427

IFCAL) 42994299430

ANGLE=3,8P1/2,

GO TO 431

ANGLE=?]/2.

GO TO 43t

A3=A) /A2

CALL WJADCK(AI»A29A32d)

B=(Cle=E)/(1o+E))2e,5

TANGLE *82A3

ANBLE=ATAN( ABS{ TANGLE })

CALL CIKANG(ANGLEsJITANG)

ANGLE=TANG ~

£2=22.84NGLE

AMEAN=Z2~E#SIN(E2)

TON)=PaAMEAN/(2.9P])

OAMEAN=AMEANRDES ’

DE2=E29DEG

DXNU=XNUsDEG

R=As{1.-E0COS(E2))

ALT={R-KE /507641

VEL=({GYa(2./R-1/A))n2,>

VRAD=({ GM#2,5 )SESSIN(XNU)I/(ASB(1.=E882))0a.5
VPERP={GM28.5 )8 | 4+ESCOSIXNUD /(AR o-ER02) 35,5
TANGAM=(E®SIN(E2))/( La=z882)aa,5S

COSGAM= ({Aos28(1e-E88Z))/(Re{2,2A-R)))08,5

SINGAM=TANGAMSL ISLAM

CALL UWJADCK{SINSGAMICUSGAM» TANSAMIK)

ANGLE = ATAN{A33(TANGAM))

CALL CORANG({ANGLE N TANG)

GAMA=TANG

CONTINJE

OR3ITAL PARAMETERS COMPLETEDSFIND VERICLE PARAMETERS
IFLABS{CCSISTBETAYILLTY,000001) GuU TO 37

TANETA=(COS{ x]))a(SIN(S-BETA)I/(COS{S-BETA))
DENDM=3uURT{(CUSI{S-8E1A ))ee2+(COS(X]))}#e23(SIN(S~BETA ))en,)

P L LR ] ¢ .

BAARING



COSETA=-CO5({S5-8BcTA )/DENUM
SINETA=-CO5(XI JeSIN{S~selA )/DENUM
ANGLE=ATAN( ABS( TANETA))
CaLL QJADCKRISINETAICUSEILAITANETAIKIL )
CALL CI~ANG{ANGLEIK}ITANG)
ETA=TANG
248 CONTINJE
60 TU 3s
37 IFISINIS-BETA)LT.0.) ElA=d,8P1/2,
IFCSIN{S-BETA)asT4Ua) ETASPL/2,
38 CONTINJE
PGAM=GAMABDEG

e LA XY ¢+ -

PETA=ETA®DcG ’ -
TESTNU=XNU

TFCCALPHAI W EQLALPHAR2 )L ANG.CALPHA2. £ UL, ALPHA3)) GO TO 85

IFCALP AL « Gl o TESTNUDIESINUSTESTNU+ZaP 1 .

IFCALPHAl «LE«TESTNUCAND. TESTNULLELALPHA2 )LD TU 81
IFCALPHA2 LE W TESTNUSANDS TESTNULLELALPHA3 IGO0 TU 82
IFUALPAA3LETESTNUGANDS TESTNULLE«ALPHAL) GU TO 83
50 10 85
PENUMBRA |
8l MPEN=|
CALL PNORA{ALPHAIITESTNUIALPHA2IEIMPENSIFACTUR)
GO T0 34
PENJUMBRA 2
83 MPEN=2
CALL PNBRA(ALPHA3ITESTNUIALPHAUYIESMPENIFACTOR)
vD TOUO sS4
82 CONTINJE
eCLIPSE
INDECL =2
FACTOR=v.
60 10 353
B4 CUNTINJE
8> CONTINJE
ALPHA=ANGLE FXOM LINE OF NUDES TO SATELLITE PUSITION
ALPHA=JMEGA+XNY
PAQPHA=ALPHARDES
GO TO 125192522 1INDECL
COMPUTATION UF YAW ANGLE P35I
52 IFINGGTL 130 TO 218
251 CONIINJE
IF(ABSICOSSPR )T+, 000001) GU T0 23
CHECK Ir COS S PRIME f5 | ur -|
CH<=],-A35(CuS>rKr)
IFLAZSICHK )=sU00UDI )33 33922
22 TANPSI=2-SIN(SPR)/CUSSPrESIN( ALPHA=ETA )
TEST TJ DETENMINE WUADKANY UF PS{sPSI IN WUuAQ 3 UR 4 wHEN ALPHA-
ETA IN | ANJ 2.PS1 IN 1 OR 2 WHEN ALPHA-ETA IN 3 UR &,
TEST=SINLALPHA-ITA) oy
20 1F(T2ST)19130932 - o
30 IFCTAN?S]«G6Teed) KQ=3
IF{TaAN?5T.LTe.0) xu=u
GO 10 21
] IF(TAN®51.6T400) KU=I
IFCTANP?ST oLl ea0) AU=2
21 PSIY=ATANUASS(TANPSI))
CALL CIRANG(PSIYIRUITANG)
PS1y=TANG
G0 TO 24
CHECK FUR NOON JURN CASt WHEN S PRIME EUUALS 90.
23 IF((ALPRA=CTA)=-P]) 25325127

.« s e ean

i
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25
27
33

24

288

2881

2882

2883

240

432
433
434

PSIV=3.:PI/2-

GO0 TO 2u ’ .
PSIY=P1/2.

30 TO 2u

IF(COS3PRJSTW0. IPSEY=0.
IF{COSSPRLT 0. IPE}Y=PL -

CONTINJE

PPSI=P3]YedEG

NOW COMPUTE PADDLE ANGLt PHIP
SINPHI=.SIN{SPR)&COS(ALPHA-ETA)
Ka=2 ' .
1F¢ SlN:HlnLtc00 ) KU=3
PHIP=ATAN(ABSISINPHI/{ 1+=SINPAH]®082)086,5))
CALL CIKANG(PHIRPIKU»TANUL)

PHIP=TaNG

PPHIP=2RIP&DELG

CONTINJE

CALL G3nG

IFCIALIR.GT0) GO 10 2681

CALL AZIkO

IFCISUNGGT.0) GJ 10 2882

CALL SJILAR

xSUM= TAC1I+TS(1)

YSUM= TA(2)+T5(2)

ZSUM= TA{3)+T5(3)
CONS=(3M/{ARR30( | ,~E052)283))00,5
CONS=CONS2{ |l o +E=COS{ XNU D JBR2
IFLIGRAYLGTLD) Gu 10 2883

CALL GRAV '

CONTINJE

AMATC 121 )mCUS(PSIY32CUSIETA-ALPHA)
AMAT( 192)==SIN(PSIY )eCUS(ZTA~ALPHA)
AMATC 193 )=5INCETA-ALPRA)

AMAT( 291 )==-SIN(PSLIY)
AMAY({292)=-C0S({PSIY)

AMAT{223)=0.

AMAT( 391 )=C0S(P51Y)eSINIETA~ALPHA)
AMAT(392)==3SIN{P?S]Y)eSINCETA=ALPHA)
AMAT(393)=-COS{ZTA-ALPHA)

00 253 i=1+3

TAINT(IaN)=0,

TSINTCLaND=0.

TGINTCEINDI=DW

00 253 =113
TAINTCEOND=TAINTCION)+AMAT( L2 d)eTALY)
ITSINTCLINI=TSINICLaN ) +AmAT(T )8 TS00)
TGINT(IIN)= IulNl(l!N)»A%AT(19J)ﬂTu(J)
CONTINJL ‘
DELTIM=T(NI-T(N-}) YA
IFCNL,E2. 1) DELTIM=T(N) - -

DO 246 1=113

TASUMC T J=TASUMO T )+ TAINTU T aND&DELTIM
TSSUMI T )=TS5uMU I I+ TSINTCTAN)=IELTIN
TGSUMI I )=TGSUM{ 1 )+ /GINT{TIIN)I®DELTIN
CONTINJE

GO TO {3019432)211URITA

GO TO {%339100)IPRINT

ARTTE (894308) N-v  wimies o
raQMAT.|40///;H3,30x,37noa517 YARIABLES FOR INTERVAL NUMBER 13)
TIMIN=TIN)/0D,

ARITZE(52435) TIMINSTIN)

BAARINC



435 FORMAT( IHO/1HDSHTIME=E1B+829H MINUIES(EIbe8sSH SECQNUS))

301
302
52

436
53

54
58
202

41

S7
1ot

245

244
204
242
243
280°
281
160

275

277

7060

8001
8000

GO TO 435
GO TO (3022100)2IPRINT
ARITEZ(3382) NsTHMINITIN)

FORMAT( IH1930X234H0RBIT VARIABLES FOR 1IME
ITIME=EI15.8234 MINUYES(E|S5+8294 SECUNDS))

ARITE( 3363 )0AMEANIAMEAN

INTERVAL 129/ 1HOY20X25H

FOIMAT 1 HO I SHMEANTANOMALY =£ 16,8191 DEGREES(EIb.819H RADIANS D)

ARITE(Sy64)0E20E2

FO?HAT;IHOIBHECutNIRlL ANOMALY=E|be839H DEGRELS(E|B.899H RADIANS))

ARITE( 5958 )IXNUI ANV

FOQMAT;IHOI3HTRJE ANUMALY=EI16+819H DEGREES(Elbe829H RADIANS))

ARITE(59202)

FORMAT.IHO:OHDI:T IN MivEL IN M/SEC Uk DIST IN FTsVEL IN FT/SEC) -

WRITEC5941)RIALTIVEL P VRAD I VPERP

FORMAT{ 1HOI THRHIVIVRADIVPERP=5(E1648))

dRITL(;saz)PGAnvPLTA

FORMAT( {HOBHGAMIETA=2(Elbe8))
WRITE( 3950 )JPALPAHA
FORMAT{1HO//7/IHOGHALPHARE |648)
WRITE( 5956 )PPSI ’

FORMAT{ {HOUHAPSI=E16.8)
WRITE( 5357 )PPHIP

FORMAT{ 1HOSHPHIP=E164b)
WRITE(Ss101) CONS ~

FOIMAT(IHOIBHANSULAR VELOCITYEIB.8)

ARITECS92U45) TGO 1) TG(2)9TG(3)

FORMAT(4HOIIHGRAV GRAD g00Y COOR3EI1E.8)

WRITE(S5s240) T4
WRITECS2241) TS :
FORMAT{ IHO3HSOLAK3EIB.8)

MRITL(D!ZUQ) TGINI(lvN)’IbINI(27N)1TGINT(3!N)
FORMAT! 1HO 1 8HGRAY GRAD INERTIAL3EI6.8) ’
ARITE(S59242) TAlNl(l!N)’TA!NT(2’N)IIA1NT(3!N)

FORMAT{4HOI3HAERO INERTIAL3EIG.8)

WRITE(S59243) ISINI(I'N)rTblNl(27N)’ISINT(3INJ
FORHAT(IHOIQHSDLAR INERTIAL 3E16.8)

WRITE( 59280 JDELTIN

FORMAT( IHOTHOELTIM=E16.8)

WRITE( 59281 )TASUMITSSUMITGSUM
FORMAT(1HO3E16,8)

CONTINJE ‘

WRITE( 397676 INDDAYS

WRITEC(39275) TGSUM

FORMAT{ IHOBHGRAV IMP3£16.8)
ARITE(S59276) TSSUM

FORMAT{ {HO7HSOL IMP3Etb.8)
WRITE(335277) TASUN
FORMAT(4HOBHAERD IMP3EI6.8)
XSUM= TGSUM{ 1 )+ TASUMCI J+#TISSUM{ L)
ZSUM= TGSUM{3)+TASUM(3)+TESUN(3)
YSUM= TGESUM{2)+TASUM(2 F+TSSUM(2)
ARITECS527080) XSUMsSYSUMIZSUM

FORMAT(UHD»SHXSUM=E 1 2,424 X15HYSUM=L 12,4 24X15HZSUM=E]2.4)

XSUM = ABS{ XSUM) + ABS(ZSUM)
YSUM=A3S(YS5UM)
IF(PSPI-30.78000980001800!
PSPR=130,~P5PR
X=(PSP/5.)+i,

l=x - PRSI Yy
Fl=1

GASX = THRSTX(I)

v -

A7)

BAARING sl [ L
o/ /
; i



GASY = THRSTY(1)
IF(Xx-FI-,1)70002700027001

c INTERPILATE

7004 J=l+i
Y=(FI-1,)e5,
1=Y-PSPR

GASX = GASX+Zo{ THRSTX(1)-THRSTX(J))/5.

GASY = GASY+La( THRSTYLU1)-THKRSTY(J) /8,
7000 CONTINJE

GASX= 3ASXE XS5UuM

GASY= 3ASYs YSUM

SGAST = GASX+GASY . e o

ARITEC597052)86481 T
7062 FOMAT{IH 23nTOTAL GAS IHIS ORBIT = £12,4)
7002 SGASX=3GASX+GASXaFNORS '

SGASY=3GASY+GASY of NURB

SGAST=3GASX+SGASY

WRIVE( 3270030556451
7003 FORMAT {HO121HTOTAL GAS THIS FAR = £20.5)

1000 CONTINJE

50 1o 17111

STupr

END

SU3ROUVIINE SOLaK
COMMUN PSIIPSIVIPSIYIPLIPHIIPHIPITUVIIUPIX€I YL Z6
LoHS ABIHTICOMP ‘e
29ABIHIEIWIFLICIPAUWIXIITPSIY TPHIIPADILIISXISYrFXIFYIFLZsTXs 1Y TL
313508015605 )PFUY(B)sFUX(B)I9FSX(B)IIFSY(B)IICANI(E)I8BS(6)252(6)1C3(b)
dsCI(o)iCa(a)ch(b):COPtH(c)rBODM(IOvu)’bPH(lOvQ);CYL(lOrM)vPLNE(
31094 30 JPEPIS ) TORUILOI3)IBL
51AYsAZ1ABSIABE AF:;AUP:AC:)V)ATMU(IS):VEL!TXS:TYS:TZS:UP(3) 1ALT
T9AP»GAMAsAXIFACTOR sNOSHADIGAMMA NEGO
DO 20 1=18140 1
00 20 J=193
29 TORO( 1910 )=3.0 ;
TX3 = 2,0 |
«TYS = J.0 : "
TZS = 3.0
INDIC=1
IF{A3S{PH] )=« 00301)2000200021 1
200 GO TO {22923223922)r1UP

22 INOIC = 2
GO0 TO 211
23 INJIC = 3

211 CONTINJE
GO TO(Hs29122)910QP

| Ll=s-|, - -
GO TO 3 .

Zi=1, . VA

GO TO(4susdrs5)sluP red

SZ= -1.

G0 TO 5

5= +i{.

CONTINJE

53 10 {7981317))1UP

SY = -},

YC = F.

GO TU 3 - . b n ea

) sSY

U EFWN

~
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24

NOOO

°l

1330

1991
1992

COMPUTE TORW ON  YFACE

FX=20e

Fy= {1e+AY )sCOSUPH] IoCUSIPHI JsaspBR SY

Fl= {1e-AY )oSINUABS(PH] )I®COSIPHE)® SZ8AsD
x=0.

Z"‘O- PR O v -

CALL T2(XrYCrZris
FOR PAJDLES
TORU(2591)=2,05Z=(=YG)e3INCABSIPHI J)sHoES( | ,+AP)

COMPUTE FOx (-FACE

FY = (1e=AZ)eSINCABSIPHI ))# CUS(PHII® Sy @A=C
FZ = C1e+AZ)sSINIPHII®SIN(PH]I )#* §Z #AsC

l = =51la8/2. -

Y = C/?o

CALL TA(X2Y32313)

COMPUTZ FOR &00MS
SPHI = SIN[ABS(PHL))
CPHI = COS(PHI)

60 TO (24925125)s21INDIC

CONTINJE
FZ = (Ve*+ABS5/3.) #(5PR1®e2)> bSUY )2 52
FY = (1e=AB5/34) oL SPHIICPHISBS(4)e SY

CALL SzTS0L{51XsYr2)

CALL T2 (XsYiZy20)

FZ = (1e+ABE/34 )u(SPHI®®2)0e BBl G )e SZ

Fy = (1e=ABB/3.0¢ SPHI = CPHI aBB(Y4)s bY
CALL SITSOL{BBIX2YrZ)

CALL T3(XxsY2Zs21)

COMPUTZ FOR SPHERE ON BB
sL

CONTINJE

FX=0,

FZ=S3(4)eSZaCPrl
FY=S8(4)eSYesPAl

CALL SZTSOL(SB1XsY3Z)

CALL TJd(xeY2l122)

60 TO (2591259271 INDIC

COMPUTZ FOR TORUS
CONTINJE

T = Q.
TFLC504))13893091992519930
T = C5(4)/35(5)

T = ATANIT/(C5(51-T))

T = Te180./°1 o
tsa=1.3 VAN
IFINEGD.GTL0)GO T0 1932
PHID = ABS{PHI)®I180.0/P1
IF (PHID-T)18902193121931
csg = ‘lu/T)ﬁPHlU"o

60 TO 1992

CSA = 2,+(Pl-24208PH]
FORCE = (1e-AC5/3.)aCSARCS(4)
FZ=SZeFURCESSPAI

FY=SYoaFORCESIPHL.

FX=0.
CALL SzZTSOL(CS#XrY92)
CALL Ta(xeYrl923)

BAARINC



c
c

217

[N ¢

21

(@]

¢]

7
kS

COMPUTI  FOR TOP UF BUX> = FSX

CO = F3X(5)8F5Y(5)

Fy = CJ# ({.~AFS5)s SY® SlN(ABS(PHl))OCOS(PHX)
FZ = Cle (1e+AFS)aSZeSIN(PAL)e SIN(PHID

CaLL SITSOL (F3xsXxsYss)

CabL Tyl XsYyZy2a'y '

vEP
CONTINJE
FZ = bZa(OP(l)a(bPHlanz)v(l.+AuP)#bPHlocPHlv(l.-AOP)a(oP(Z)
| #blN(Aba(Pal))*UP(J)ﬂpub(PbP))) -

TORU( 2391 )=242( JPLP(2)- YG)etr1Z

COMPUT 2 FOR LONG sOOM
FORCE=3X( U)ol | 4+AX/3, )
FY=CPHI®FORCE®SY
FZ = S$rledzsFuslr
CALL SITSOL{BXsXxaYrz)

CALL TI(X9Y2l927)
Ju 21 1=18s40
T{s=TU<J(121) +1xS

TYs=Tusu(l2) +TYS
123 = TuxkW(f13) +l¢es 1
SONTINJE
TXs = [XSerALTO=ev/I728, Bl
Tys = TySsr ACTOR®V/ 17208,

VIS = 1/SerACTuxav/iT28,.

RETUSN ) -

END

SU3RQUTINE uURAVG(ANbUIJA»KrAiGR)
Pl=3+1415Y920 R 3
GO TIC 1929394 )} 0ALK

ANGR=ANGD 3

RETURN

ANGKR=P[=ANSD |

RZITURN 1

ANSK=PL+ANGY K
RETURN ’

ANGK=2. 2Pl -ANGD

RETURN

enNd

SUBKOUFINE KePLIR(ANMEANIECCENIERKRPANECCNIKUUNT)

EG=ANMIAN

KOUNT=D

SMG=EG-ECCIN=SIN(EG)

DELE=( ANMEAN-SMG )/ {1+~ECCENaCOS(LEL))

IF(ASSI ANMZAN-SMG J=ERKK J4214195 .

IF (R0JNT=251051597

KOUNT=<QUNT+] . L4
EG=EG+JELE :
60 70 3
ANZCCN=LG
cRETURN
THIS SICTION FOX NON-CUNVERGENCE PRINTOUT

WRITE(393) KUUNTIPANMEANIEGIOMS

FOMAT! IHI3B8AREPLER PROCESS NOT CUNVERGING PROUPERLY/IHU2uHNUMBEN U

IF ITEXATIONS [271HUI3HMEAN ANOMALY=Eibe812/HLAST VALUE UF BECCN

2ANDOMALY=E 154,87 1H032KLAST CALC VALUE OF MEAN ANOMALY=EiE.%)
RETURN

s

. END

.

/1

BAAR/NCA+ﬁf_;&%i

i



v

30

12
14

bl

1

18

SUBROUTINE GRAV

COMMON PSIvﬁ?lv:P;lY:PlanIaPﬂ{PleV:luPrlG:Ybréa

19HS oI HT7ICOMPYAE LI BEL YA EEL s W FLICELIPADWIXXs TPSTyTPRIVPAUIZISSX
29SY FXIFYIFZrTAL3)
3!36(6)!56(6)1FQY(6)!F&K{S)!FSX(S)‘FSY(S)’CANT(B)IBS(GJ!SZ(G)'C3(6)
49CH( 0 )sCS5( B )rx{BIICOPEP( B IrBIOMCIUIL )ISPHOIUIYS )aCYLI1UIYE )9 PLNE(
31094 )2 IPEP{ G I r TORLGCEUI3 ) oAl ’
SIAYIAZIABSIABLIAFSIAUP 1ACSIVIATMOC IS ) VELPTS(3)sUP(3)sALT
T1AP S GAMAPAXIFACTUR sNUSHADIGAMMA SNEGU sNDAYS
31TGICONSIGTHXIGIHYsGTHZIXXLIYY 9 Z21aXbUMIYSUMIZSUN

DIMENSION TG(3)

RAD=0,017453293 -

CONS=CINSeCONS

IF{X3U4GTe04)GO TO |

XERR==J.U

60 TO 2

XERR=+J.4

IFOYSUM.6TL.04 1360 TUO 3

YERR=-J,4

60 TUu o

YERR=+J,.,4

IF(Z5U1.GT+04 )60 TO S

ZERR=~1.0

G0 10 3

ZEQR +|-0

TGU 1 )=2,0¢CONSa{YY]-LLII#SIN(2.,0(GIHX+XERRGRAD)
T6(2)=1.56C0ONSe{ XX1~ZZ1)4SIN(2,8(GTHY+YERR ®RAD)
T6(3)=0.56CONSa{YYI-XX1)2SIN(2,0(GIHZ+ZERK)ISRAD+2.8FS|Y)
RETURN -

END _

SU3ROUTINE PNBRA(THETAI!THETAI:THElAZ’ECTrIMP!RAUFAC)
PI=3.1415920

IFCTHETALLLE. TH:IAI AND. THETA!.LE.!HETAZ)GO 10 30

60 To |7 3

B=( THETAI-THETAL ) ([ THETA2-THETAL )

5“‘.’2-’8_) 2

IF(S)HI 3012912

*SIGN==1, )

GO TO 14

SIGN=1.

CONTINJE

IFCABS(SINIS)=1,4)e6T44000001) GO TU 6

RAJFAC=|,

60 T0 i0

CONTINJE

ARCS= A[AN((&&S/(l.-S=S))ao s5)

Al=(2.,-4,8B8)8(B-Boa2)es,5/3,1416

A2=S1GNSARCS/P] A .

A3=,3 '
RAQFAC=A1+A2+A3 . .
CONTINJE ”
IF(IMP.cU} IGO0 TO 111
IF(IMP.EQ.2)RADFACE] . -RADFAC
CONTINJE

RETURN

-..\'
Y

C SPECIAL PRINTOUT FOR ERRURS

WRITE(S3 |B)THETA| s THETAL P THETA2

FORMAT{ IHO25HERROK IN SUBNOUTINE PNBRA/IHOZ!HTHETAI1THETAIITHETA2-
13(E16.3)) T et e

RETURN

END

O



C: OO

21
20
22

- 28

23
25

24
30

N

SUBROUTINE uuAOuK(sNrCSrTNvNU)
IFCTNI20921122
IF{C3)25926926
IF(CS5)23523s24
IFCSNI25925026
NQ={ )
GO 10 30

NQ=2

60 TOo 3¢

N3=3

60 T0 30

NQ=4

CONTINJE .
ANGLE=093609NU=1+s ANGLE=Y90rNU=2e ANGLE=180sNU=3, ANGLE=27(01NG=4

NQ IS JUAURANT IN WHICH ANGLE LIES, IF ANGLE LIES-ON AXIS IT IS
ASSIGNZIU ARSITRARILY AS FOLLOWS, '
RZTUxN

Eny

SU3ROUTINE SETSOL(PrarYsZ)

COMMON PSIaPSIVIPOSIYIPIIPHIPPHIPIIUVSIIUPIXGIYGPZG

12HSsAbIHTY LOMP
2rAIBIHIEIWIFLICIPADWIXIPTPSI»TPHIIFADIZIsSXoaSYIFX9FYIFZoTXxsTYTZ
ivdS(o)1;6(o)!FuY(o)vFuX(oI!k:X(b)1r5Y(b)iuANI(G)'b:(b)rsz(S) C3(b)
4sCI(B)1CS(5)1BX(EI1COPEP(5I1800MCI0s4)9SPHIIO0IG)ICYLL 1094 )rPLNEC
SIDed ) IPEPl o) TORUIHUY S )L
BrAYIAZIABSIABEIAFSTAOPIACSIVIATMUL IS )IVELITXSITYSITZSIUP(3) sALT
JIMENDION Flb)

X=P( 1) -

Y=P(2)

Z=P(3)

RETURN

END

SUSKROUTINE TAUXsYsZeN)

COMMON PSIaPSIVIPSIYIPLaPHIIPHIPIILVIIUWPIRGIY LG

12HS s HBIHT s COMP
20 A H s I a W F L ICIPADWI XTIt TP ST o TPHIrFADS LT oSXESYIFXeFYrF Lo TXrTYTL
3935(5)156(0)rFLY(b)sFUX{S)rF5X(b)rrSY(B)ICANT(B)IBS(61952(6)92C3{b)
$3CI(8)9CSLB)9BXI6)1CUPEP{5)9BIUMI 1094 )rSPHUI024)9CYLE 104 J9PLNEL
S8 )2 JPEP(B I TIRUILUYI )l
51AY AL:ABSrAuGrArs;Aur’AC:rVvAumu&|:)1VEL;TX5»TYS:levUP(3) PALT
X=X=X0
Y=Y=-YG
i=1-1u
TORQUINY L)
1OQENI2)
ToRu(N3)
RETURN
ENJ o -
SUSROUTINE QdulXrYaN) B

DIMENSIGN X(8J)rY(tUsu) 4

COMMON PSIPSIVIPSIY) PI'PHl1PHIR9IJV11QP:XG!V& L6

F2H3»HBIRT s CONP

21Av5;Hrster1 IPADWIXI P IPSIITPHIIPADI LI ISX2SYsFXsFYIFZeTX Y TL
3:Bo(a)l>6(o) Fuv(b)!FLK\b) F3X{6)1ESY(6)ICANT(6)185(6)182(6)2C3(6)
1IC!(o)lL:(o)v5XLb) CUPEP( 2 )1B30MITUr4 39SPHIIO24)9CYLC 1094 )P PLNEC
SI1024 ) dPerP( ) TIRUCUGrS )P BL
6!AY1AZ’AdérAdb:AFS;AOP)ACS!V:ATMU(|5)1VELJTX51TY5,T259CP(3) s ALT
IF (CU4r- Asa(x(B)))lvziz

YON2 L Ysx( 1)

YUNP2)=x(2)

YONs3)=x(3)

P T ] v -

YeFZ -lefY
I8FX =xoafZ
xeFYy =YeFX

BAARINC .




LA

80
42

39
934

300
Yol

YONs4der(4)

6o 1O 398

T = AB3(x(2))

TE = x{ig)exis)
IF(HT=-453807400 4
HAS =47

~
H6=0. | o LY

G0 TQ 42

IF(R7.3E.H5) H3=0.0
IF(HoeLteX{0))G0 U 995

IF{HS 3T T2 )A5=TE

IF(H8sLToXl5))A5=x16)
IF(H5-48-X{5)/2.0)938530130

Y(Ns4 )=(

CONTINJL

Rz TURN

ENJ

SU3RJVUIT [NE >rAJu

CUMMON PSIsrPSIVIPSIYIPIaPHIIPAIPS LUVIIUPIXGIYGIZG
1sHSH rBIRTILONP
29893 8HIE N IFLICIPAONIXI I TPOL I TPHIIPADI LI sOXISYIFXIFYIFLaTXa Y014
395300095800 )1FLYLo )IFUX{B)IFSX(b)IFSY(bIICANTILE)IBS (b )1S2(6)rC3(0)
$C10B )90S5 18Xx{b)sCUPEP(E )9BUUMIIUIY JasPHUI0IY ICYLl 108 derPLNEC
31090 )9 JPEPL o) TORU( LUI3 ) BL '

SIAYIALIABDIA3E AFSYAQPIACSIVIATMUI IS )IVEL»TASsTYSsTZS20P(3) 2ALT
71APyGAMAIAXIFACTURINUSHAD Y GAMMA

LP{FRYI=(Z8-A/24)2C05(PRL)

YP(PHL)= (H/2e-28)0 SINIPHIL)

FOIMAT (IH #31AAIIH2IH39H49CO0MP Y o« 800 Y XPADULE

FOIMAT (IH ¢3rAM11R2900MPreeeePADULE BY BuUUY

1PS1.= SINUABS(PS1))/CUS(PST)

TP41] = SIN{ASS{PHIII/CUS(FHI)

CYLE22 1 )=CORCPL )
CYL(392)=CUPEP( 2}
CYil593)=CoPer(: )
CVL(5s3)=COP;P(L{
BICM( 21 )= 2ol |
300M{ §1s2)= Zdol 2,
s0OM{ 193)= 3ol 3)
390M(tr4)= 30(4)
54 {111 d= 3Solt)
524 (1922)= 350(2)
524 (193)= 58(3)
32+ (124 )= S0(4)

PLNELT2)) =FGeY( 1)
PLNEL792) =FUY(2)
PLNEC(T793) =FuY(3)
PLNE{Tod) =Fuv(y)
PLRE(BY ) =Fuxt )
PLNE(892) =Fux(2)
PLNE{823) =FUx(3)
PLNE{bBIUG) =Fux(u)
PLNE(SPI) =F5YL 1)
PLNEC9922) =F5Y(2)
PLNE(Y913) =F>Y(3)
PLNE{Y14) = FS5Y(4)
PLNEC D21 )=F5x( 1)
PLNEC1092)=F5x(2)
PLNEC1D93)=F5x(3)
PLNE({ 1908 )=F5X{ 4)
CYL({3r) )= CANTLI1)
CYL{392)= CANT(2)

R
ve

.

1582048

BAARINC



2005
2007

2008

CYLU393)= CANT(3)
CYLE324)= CANTLU)

CB80OM{201 )= 8501

800M(212)= 385(2)
BOOM(293)= 85(3)
B0IM{204)= 35(4)

saH T (2v1)="8201)

SPH (292)= 3202

5P+ (203)= 352(3)

sp4 [25u)= $2(4)

CyL L1oi)= £3(1)

CYL (192)= C3(2) -
CYL (193)s $3(3)

CYL (yr4)= C3084)

eyt (2r1)= CIt
cvL (2r2)= ¢CI
CvL (213)= C
CyL (2r4)= C
CYL(4ry) =Co
CYL(U92) = O
CYL(4r3) =C>
CYL(usd) =25
500m(3:|)=:x£
8239m{322)=0x{2)

gOIM( 313)=3x(3)

B0gM{ 3r4)=3x(4)

ABz=Hul
A3=CeB

YS=C/2’-U
15%=3/2.U

X8=2/2.0
I8=MH/2.U

He=rog

AB=A%3
PL2=P1/2,

TE = A3S(A3S(PSII-PI2)
IF{TE-.,0001320019200112005
Psi=30 '

AS=3.
GO TO (20531203312051920351 )12V
5P4( 194)=0,
CYLU314)=0.
G0 10 2052
CYL(Gs4)=0.0
PLNE( 129432040
CYLU3914)=0.0
CONTINJE .
IFCABS(PAII=PL 2 18092003230
AB=0. 4q

HE=0.

G0 10 0

P31 NIT 92

IF{ABS( PH1I-PLl 2 )20061200722008
A8=0.

HE=0.
GO TO {20051920062)91N0SHAY

20032 1F(P31)3052000s50

2006 1
2000

IFIUPST I y230013
300M(3s4)=7.
A8=).

BAARINC
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&= -—

-~ O Ut

N -

13
c

490

401
402

-000 oo

00

1000
100t

A8=0,

HE=0Da

G0 TO 80
8L = Fuo
GO TO {4s514295)]JuP
BL = C-ri ’

60 TO {Sapupda8)1upP

1 =-|

GO TO 5

i = )

GO TO {73887 )10V

xl =

H5=0

IFCABSIPHIDI=PI2 21120 k1101002
H3%,503/TP51 '

HE=(C-3L )/ TPSl-w-t ™
lF(HB.ST.HS) 60 TO HiI3
H6=H5

1F(HB.LE.D. )60 TO 90
THEKE IS A SHADOW
BOOM( 32| )= BX{|)-.54HE
B0OM{3r4 )= (BX(5)-HBI#BXL Y4 )I/BX(S)
6o To 90 ~ ' ) ’
XxI = -1
PADWEA/ 24 +4+E
PAD= A/2.+n
COMP = (H/2.)¢COSI(PHI)
60 TO (1071001t 1 010V

NEG ENJ SHADOED

CALL SEITUP(B5)

CALL FLIM(BEIBOOMY|)
SHADO EPUY

CALL SETUPLFu4X)
CALL O3J(FUXIPLNEsS)
IFCPLNI(824)-F4x(4))40094011400

© PLNE(T794)=0

60 TO 402
PLNEC 754 )=F4Y(4)
CONTINJE

SHADO 386
CALL S=TUP(S6)
CALL 03J(S59SPHs1)

SHADO CANT

CALL SZTUP(CANT)
CALL O3JC(CANTsCYL2I)
60 TO 12 Y
POS ENJ SHADOED
800M 5 SHADD

CALL S=ZTuP(85)

CALL FLIM{359B800Ms2)

OPEP CYLINDER SHADO

T = COPEP(2)-FL

IFLUHS eGTeT JeAND «{.TeGTHB)eOR(HT.GTLT)) GO TO
G0 10 t1ool

CYL(524)=0

CONTINJE

1000

/
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c cvyL 5

CALL SZTUP(C5)
GALL 03u(C5sCyLsn)
CALL SETUP(F5X)’
CALL O3U(F3XsPLNEPIC)
IFCPLNZ(10924)-FIX(4)I403214041003
403 PLNE(S14) = U
60 1D uoS
404 PLNE(S24) =F5y(4)
405 CONTINJE
c S$PH2 : - s

CALL SEZTuP(S2)
CALL 03J(S215PHI2) 5

o0

EP3
CALL SZITUP(C3)
CALL 03u(C3sCyLri)

(e N 9]
3

EP)

CALL SITUPLCH)

CALL O3u(Ci12CYL92)
COMPUTZ SAME FOR BUDY

NOA TO COMPUTE SHADING UN BUDY AND PADULES VIA STL

- 0000

2 CONTINJE
COMP = HaCOS(PHI)
Q = C-3L
WEPS] =(AW+E)eTPS]
APS] =ne TPS]
H2PHI={H/24 J6SINL ABS(PHI })
Al=sBoC
Yi=C/2.
Z1=8/2.
201 IFCABS(PHI =PI 2 )2t180921
21 7 IF(COM?.LT.B8) 6D 10 30
TE =.528aTPHI
HI = WZIPSI + TE + Q
H2 = WEPSI -TE + Q
H3 = WPS] +TE + @
H4 = w?s] -TE + @
IFCCHT eLEaC)eAND el H24LE+CIoAND(H3oLECIeANDe(HY.LELC)) GO TU 22
c FOR CASE -8 ’
LFCCHIeGToCIeANDtH2,LELC)IsAND(H3LE.C) AND.(H4,LELC))GO TU 23
c 1-C
IFCCHIoGTeT)eANDet H2,GToC)vANDW{H3GLECC)eAND(HY LELC IGO0 TO 24

c 1-3 el
IFCCHI GToC)eANDe{H3.6ToC ) AND L (H2.LELC I AND. (HU.LELC)IGO TO 25
c I=-£

IFLCA1e6TaCIeAND L H2.GToC ) AND.EH3.6TC)ANULHY,LELC)IGO TU 26
c \-F
IFCCH! e GEaC)eANDe( M2eGEeC )e ANDe( H3.GEWC)eANDS(HUL,GELC)) GO 10O 27
ARITE (69900)HIIH29H3PHLICUMP
60 10 40
c~ 1-A
22 A2sB2( A}=-H3)
Y2a(H)+HU)/2e
12.8/2.
ASwup|~42

PR T

T
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23

24

25

27

YS=(Aley|l -A2¢Y2)/AS

25=CA 871 -A2822)/A5

GO TO 49

A2mBi({ 4|~H3)

Y2=,58{H1+r4)

Z2=,503

A3=( ,Sepe(HI-Cles2)/(HI~HR2)
Y3= (2-§'C"H| )/30

I3= Bo{2,0nl-3,00H24C)/( 3, OelHI=H2))
AS=A|~82+A3 ’
YSACA Y |~A20Y2+ A35Y3)/AS
I5=(A}8Z|-A2022+ AReZ23)/A5
GO TO 40

A2%(Bo{H3-H4))/2.0
Y2=(2.J¢H3+HY4)/3.0

1228/3.0 »
A3=8%( S~H3)

Y3=((+43)/2.0

13=8/2.0

AS=A|-82-A3

YS=( ALY |-A208Y2-A38Y3)/AS5
25%(A18Z2|-A20Z22-A3023)/AS
GO TO 4o ’
A2 ={ 586l C-HU)I2o2)/{H3-HY4)
Y22 (2,06C+Hl4)/3.0
Z23(Be{C-HUE))I/(3.00(H3I~HY4))
A3=,538((C-H2)ue2)/(HI=H2)
¥3=(2.08C +d2)/3.0
Z32(88{C-H2))/(3.008(HI-H2))
AS=A|-42+A3 ’ '
YSE(AIOY | ~A28Y2+4A38Y3)/(AI-A2+A3)
IS5=(A18Z|-A2622+A3023)/A5

GO0 YO 4o

A2=,508356((C-H4)®e2 )/(H3-H4)
¥Y2= (2,0eC +H4)/3.0

22= Be{C-HU)/(3,02(H3-HU))
AS=A|=-42 ’ '
YS=(A|&Y|~A2¢Y2)/AS
IS=(AISZI-A28Z2)/AS

G0 TO 4o

AS=88C

YS5=v|

© I5=21

GO TO 40
HCOS(PAI) LESS THAN 8

HI = WEPSI + H2PHL + Q.
H2 = WEPSI - H2PHI + Q
A3 = WPSI +H2PHI +u . -

HY = WPS] = H2PHI +0 »/ ;
HCOS = HeCOS(PHI") Lo

IFCOHT oLEeCYoAND e H2+LEeC)sANDG(H3.LELC I ANDo(HE.LELC)) GO TO 32

IFCCH1a6ToC)aAND( H24LEaC)sANDL(H3.LELCI.ANDS(HU.LELC)) GO 7O 33

lF((HI.GT CIeAND{H2,6TeCI AND.{H3,LE.C) AND L HU,LE.C)) GO T0 34
JFCCHI «GTeCYeAND( H2, GT.C).AND {H3.6T«CIeAND(HU.LE.C)) GO TO 38
IFCCRI e GEeCIeANDo{ H2eGESCIoAND(H3.GELCIeAND.(HU,GELC)) GO TO 40
IFCCHT oGToaCIeAND U HIGTCIeAND {H2.LELCI.ANDL(HG,LELCY) GO TO 35
NRITE(:!SOO) HI:HZ'HBtHQ’CUHP

2-A

A2=HCOS»(HI-H3)

Y2=(HI+HY4)/2.0

BAARINC *;:::3741
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34

w O

U

w O

o

EOHROO0

42

22=7}

AS= Al=-A2

YS= [AlaY]-A26Y2)/AS

IS= (A)12Z1-A2¢22)/AS

60 10 49

2"3 PURREr Y ¢ -

A22uenCOSo( HI-H3)

y2=(Adl+H4)/2.0

22221

A3=,5¢H4C0S¢{(HI-Cloe22)/(HI-H2)

¥y3= (2,00C + HI )} 3.0 .

Z3a {((2,0°C+Hi-3,00H2)8HCOS/(6,00(HI-H2)))+ B/2.0
AS=A[~A2¢A3 ’ o
YS=(ALsY|~AR20Y2+A30Y3 )/AS

L5=( AL @l -A207Z2+A30Z3)/AS "
G0 TO %0

2-C

A2= JSeHCOS#{H3-H4)

Y23(2.00H3+R4)/3,0

ZZ’(a‘JhB—HCOS)/GOO

A3=HCOS52(C-H3)

Y3= ,S8(C+H3)

Z3=21

AS=A|-42-A3

YS=( Al &Y | -A28Y2-A32Y3)/A5

I5=( Al a2 -A2072~-A3823)/AS

60 TO 40

2-0 .
A2=,50-400S2((C~rAt)eo2)/{H3-HY)

¥2= (2¢0°C +HY )/ 3.0

22= {(2.08C+HU=3,U8H3I8HCUS/(B8.0*(H3-H4)) + B/2.0)
A3=,504C0Se((C-H2)002)/LHI~H2)

¥3= (2,08C +H2)/3.0

23= (2,090 +H2-3.00H1)oHCOS/(6.08(HI-H2)) + B/2.,0)
AS= Al =~A2+A3 ’

YS =(Aley] =-A2%Y2-A3eY3)/AS

LS =(AlaZ} ~A2872-A390/L3)/AS

G0 T3 40

2-&

A2=,504COS((C-rlU)es2)/{H3~HY)

¥2%(233C * f4)/3.0

212x((2.00C +HU-3,08H3)0ACOS/(6,08(H3-HU)) + 8/2.0)

AS=A|~42

YS5= (Aleyl - A28Y2)/AS
IS= (Al12Zl - A28Z2)/AS5
GO TO 40

2-F

SHADING OF PALDLE BY, BOUY
Al=HE
Il = 4384
X| = 430f
BSEC= 3/COS(PHI)
CPSI= [,/T751
B82PHI= BaTPHI/2.0
IF(COM?-B)501r42142
Al = CPS1&(Q_ %32PHL) - W
H2 = CPsle(l -32PH1) - »
IFCCHI oLEeDe0)oANDS(H2.LE.0.,0))GO TO 80
IFCCEeSE«HI JeANIo(HI «GToa0e0)sAND(H2.LTe0402) GO TO

43

BAARINC _ ’



44

45

50

53

54

JF(CE,GE HI ), AND,(H2,6E,0,0)) GO TO U4
lF((HI.GT.L)oAND (t.bt.HZ)-AND.(H2 GE«0e0)) 6O TO 45
IFCEHI «GTeEDsANDL(H2,6T.E)) GO TO 46

IF(CHI oGTeE)aAND(H2.LT,0.0))G0 TO 455

WRITE (5:931) HIrHZ»CbHP

GO TO 80 ..wass. ..

Hi=E

GO TO 43

A2 =(HI1®02)8BSEC/(2,0e(HI~H2))

22 =(HI-3¢0012)4BSEC/( 6400 HI~H2)) ¢ H/2.0

X2 = H1/3,0 . .
A8 = Aj-A2 T,
l8 -£A|§Z| ~A2612)/A8

X8 ={AleX| =-A20X2)/AB

GO T0 80 ' "

A2 = (30({HI+H2)0BSEC.

22 = (HI=H2)03S5EC/(6.0RLHI+H2)) + H/2.0

X2 = (A1002+H18A2+H2802)/(3,008(HI+H2))

AB = Al-A2

78 =(Aj0Z1-A26Z2)/A8

x8 =(AloxX1-A20X2)/A8

60 T 80

A2 = (Hi+H2)0BSECE.S

22 a((HI~H2)0ESECI/( B0 HI+H2)) + H/2.0

X2 = (AlIe02 + HIOH2 + H2002)/(3,000M1+H2)) -
A3 = ((H1-E)002)08SEC/(2.00(HI~H2)},

23 = BSECe{2.06f + Hi=3.06H2)/(6402(HI~H2)) + H/2.0
X3 =(H1 + 2,0°E)/3.0

AB = A|-A2+A3

28 = (AI8Z) -A28Z2+4A3073)/A8

X8 =(Alexl = A20X2+4A30X3)/A8 ;

G0 1O 80 ' !
A2=BSEleE o

AB=A{-A2

28=21 i

X8=xi 2

GO TO 80

Hi = CPS10(0+,SeHaSIN(ABSIPHI))) - W

R2 = CPS]o(0~,5eHeBIN(ABS(PH]I))) - W
IFCCHIWLEZD.0)sANUL(H2,LEL0.0))GO TO 80

IF CCEsGESH! JeAND{ HI«6GT2040)sAND4(H2.LT40.0)) GO TO 53
IFC{ELSELHI JsANDL(H2.GE.040))G0 TO 54
IFCCAIeGTeE)eAND(H2,LT,0.0)) GO TO 55

IFCCHI oGToEYoANDe L E4GEoH2)eANDe(H2.6E.040)) GU TO S6
JFCCALLGELE).ANDL(H2.GE.E)) GO TO 58
WRITE (6190|)H|1H2'COHP

GO 10 80

A2 = HieHi®H/{2.09(HI-H2))

22 = He(2,0H| - 3.8H2)/03.08(HI=H2))
X2 = HiI/3. S )
AB = Al-A2

X8 =(AlsXl1-A2eX2)/A8

28 =(AlIeZ1-A2022)/A8

60 10 80

‘A2 = Ho(HI+H2)%,5

22 = H2{ 2,81 +H2)/(3,0°(HI+H2))

X2 = (H{oH] +HIPH2 +H29H2)/(3.0¢(HI+H2))
AB = AJ=A2 .viis o

28 ={AtoZ1 ~ A2v ZR)/AB

X8 =(Alex| =~ A2¢ X2)/A8

G0 10 80 ‘

A2 = Harler|/{2.0({H]=H2))

I
J—
3 i,
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56

82

22 = Ho(249H] = 348H2)/(3.08(H[=H2))
X2 = HI73.0

A3 = ({HI-E)822)8H/(2.¢(HI=-H2))

13 = Ho(24,¢H] = 340H2+E)/(3.00({HI-H2))
X3 = (2,6E %+ HI)/3,0

AB = A|-A2+A3

18 = tKfeZ| “A2822 +A3273)/A8

X8 = (AjaX| -A28X2 +A36X3)/A8

GO TO 80

A2=Ho(41+H2)/2,0

Z2=Hs(2,06H} + H2)/(3.08(HI+H2))
X2=(HI1®H| + HIoH2 +H25H2)/(3.00(HI+H2))
A3e. He({ (HI-E)or2)/(2.08(HI-H2))

Z3= He{2,00d] = 3.08H2 + E)/(3.08(HI~H2))
X3= (2.,0¢E + H1)/3,0
A8 = A} =A2 +A3

"

28 = (A1e2l - A208.2 + A3523)/A8
X8 = (AjlaXl - A26x2 + A38X3)/A8
GO TO 80

AB = 040

CONTINUE

ENTER CENTROIDS INTO FLAT

GO TO (s4182r83r84)110QV
PLNEC U | )= A/2,
PLNE(492)=FL~YS S
PLNE(H423)=25-B/2. "e
PLNE{t4rsu)= AS
PLNE(391)3=0,0

PLNE(352)=FL

PLNE(323)=0.,0
PLNE{S»4)=0.0

PLNE( 324 )=AB

PLNEf§94)= 0.0

PLNE (161 )={A+E)/2,0+KW
PLNE i1922)= 0.0 °

PLNE £ 193)=0.0

PLNEC) 14 )=dE

PLNE( 291 )3-(A/2,+n*X8)

PLNE{292)= YP(PHI)

PLNE(293 )= ZP(PHI)

PLNE( 2124 )=a8

GO TO (851652856186 )1GP
PLNE(493)= ~PLNE(413)

PLNE (252)= =PLNE(212)
PLNE (213) = =PLNE(213)

G0 TO 8BS

PLNE( 41242040 .
PLNE( 3147=48
PLNE(32))20,0./ 7
PLNE(392)=FL -
PLNE(323)%0,0
PLNE{S24)50.0

PLNE (321 )=F4X(1)=FUv(S)
PLNEL 1D 1)=F5X( 1 }-F5Y(S)
PLNE(B21 )= -(A/2.)
PLNE{BI2)= (FL-YS)
PLNE(613)=(Z5 =~ B/2.0)
PLNE(BI4-)= AT

PLNE(I21 )% (A/24¢ + W + X38)
PLNECI92)= YPLPAL) '

!
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[-3:]

83

83

-1}

PLNEL123)= ZplpHl)

PLNE{ 124 )= AB
PLRE{ 294 )=HE

PLNE(Q’I)= “CCA+EI/2.4H)
PLNE({292)=0,0

~~nPLNE(293)=0,0

92

60 TO(B85985188188)s]10P
PLNE(6s3) = - PLNE(B33)
PLNE( 192) = =~ PLNE(192)
PULNE(193)= - PLNEC(]23)
GO 70 85 .
PLNE(G434)=0,0
PLNE{SI4)=AB
PLNE(S21)=0.0
PLNE(S32)=~(C~FL)
PLNE(593)=0,0
PLNE(314)=0.0
PLNET992)=F5Y(2)-FS5X(5)
PLNEC{T212)=F4Y(2)=-Fux(5)
PLNEC 1391 )=F5X(1)-F5Y(5)

PLNE (8r i )=FU4x(i)- HQX(S)
PLNE(611)=~A/2.0
PLNE{B12)=Y5~ C+FL

PLNE(B13)=
PLNE( B4 )=

PLNEl 114 )=

PLNEC s ()=
PLNE(192)=
PLNE(193)=

8/2.0 =25
AS
A8
A/2,+HW+X8
-YP{PHI)
-ZP(PHI)

PLNE( 294 )=HE

PLNE( 211 )=
PLNE(212)=
PLNE(293)=

~((A+E)/24 + W)
0.0
0.0

GO TO (85585989988 )s10QP

PLNE (5313)= ~PLNE(B23)
PLNEC 122)= =PLNE(192)
PLNE (t33)= =PLNE(193)
GO TO 85

PLNEC G4 )= AS
PLNE(U4r1)= A/2,

PLNECLI2)=+Y5 ~C + FL

PLNE{ 433 )=

8/72. - IS5

PLNE(Sr4 )=AB
PLNE(S21)=0.0
PLNE(S912)=~(C-FL)
PLNE(S93)=0.0
PLNE(.314)=0.0

PLNEC 702)=F4Y(2)- Fux(S)

PLNE( B4 )=

. PLNE(Q§24‘rDY(2) F5X(S)

0.0

PLNE( 194 )=HE

PLNE( 11} )=
PLNEC 112D
PLNE{ 193 )=
PLNE( 214 )=
PLNE( 271 e
PLNE(212)=

CPLNEC Y 3)=

(A+E)/24 + W
0.0

3.0

AB

“(A/2.+W + X8
- YP{PHI)

- 2P(PH])

GO TO (85185192192)s10P

PLNE(H493)= ~PLNE(413)
PLNE(292)= -PLNE(252)
PLNE(213)% ~PLNE(213)

\
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85

100.

12
i3

100

14
101

144

300
302

303
3ul

CONTINJE
CONTINJE

RETURN

ENO

SUBROUTINE GGNG

ar oo ¥8 {

COMMON PS1sPSIVIPSIYIP] PHIvPHlPtIUV:lUP:XG)YG’ZG

19HSsHEIHTy CONMP

2!A13thEvN1FL1€,PAUN9Xl)TPbloTPHl’PAD’ZI1SX1§Y;FX:FY1FZ.TX17Y:IZ
31BS(B)IS6IBIIFUY(DIIFUX(BIIESXIBIIFSY{(B)IICANT(6)1BS(6)1S2(6)1C3(6)
ﬂ’Cl(E)lCS(S)!BX(b)1COPEP(8)!BOOH(IO:u))bPH(IO’Q)9CYL(l014)iPLNE(

S1014)1IPEPI{S ) TORUWILOI3 el

6:AYnAZnABSvABb:AFb»AOPvAC:rvaATMO(IS):VELDTXS:TY51T2570P(3) sALT

T1APIGAMAIAXIFACIOK INUSHAD I GAMMA

PSIV= -PSIY

AR = P3]V

INDIC=}

APSIV = ABS(PSIV)
IFCAPSIV =o58P1 )19 |22
e =1

50 TO 10

IFCAPSIV=-Pi 3313094
APSIV=2.0

GO 70 31
APSIV=z2]-APSIV

10=2 '

60 TO 10

IF{APSIV =1.5% P1) Si5r0
1o = 3

APSIV= Pl=~4aPSIV

GO TO 1¢
IFCAPSIV =~ 2.¢P1) 77 73 100
10=4

APSIV = AP5iv-2, ¥¥]
IFCARII 1912912
APSIV=<-APSIYV

10= 3-]Q

G0 10 \|3'luv104)leDIC
PS1 = aPslv

Iav = 10

AR= PHIP

APSIV = ABS(PHIP)
INDIC=2 ’

GO 10 IS

CONTINJE

GO TO 101

PHI = aPSIV

10P = jQ

INDIC = 3 '”/_

AR = GAMA : S
APSIV = ABS(GAMA)

G0 TO 15

GAMMA=ABS( APSIV)

T = Pl/2.

TE = A3S(ABS(PSI)-T)
IFCTE-.000014)30093602301
IF(PS1)30293031303
PSl=~T

G0 10 301

PSi=T

TE=ABS(aBS{PHII-T)

.. o B e s oas

"

7
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304
306

307
305

308

309
310
311

998

12

£ W

1F(TE~«Q000I }304 23042305

IF(PHI)3081307-307

PHI==T

GO 10 305

PHI=T

1F{ABS{PSI )~e 000! 30853089309

PSI=04) :

IF(ABS(PHI)--OOOI)3|on3|0;3||

PHI = 2.0

CONTINVE

RETURN

END

SUBROUTINE AEROD

COMMON PS13PSIVIPSIYIPIsPHI»PHIPsIOVSIQPIXGIYGZ6

1 9HS5 s HE P HT 9 COMP
20AIBIHIESWIFLICIPADWIXI*TPSI o TPHISFPADSIZI1SXISYsFXsFYIFZoTXTYTZ
3186(6)rSBIBIIFUYIBIIFUX(EIIFSXIEIIFSY(E)ICANICB)IBS(6)1S2(6)191C3(8)
41C106)2C5(8)1BX (B )1COPEP(E)sBOOMI 1014 )7SPHI 1024 )9CYLI 1094 )9PLRE(
51004)20PEP( 6 ) TORO(4D3)sBL
83AY»AZ1ABSIABBIAFSIAOPIACSIVIATMO( IS5 )1VELPTXSITYSITZSIOP(3) »ALT
7)A?n§AﬂAOAX{FACTOR s NOSHAD s GAMMA sNEGO

AERODYNAMIC “TORQUE

XFACEY{ARX )=2,0ARX&SGMAGSIN (ABS(PS1))IeCOS(PS1) 8SY

YFACEX{ARY )=SX#2,04ARYeSGHAGSINCABSIPS1))=COSUPST)
YFACEY{ARY }= ' SYe2.,8 ARY®(2.-SGHAP)a{SIN(PSI))0s2

XFACEX{ARX }=SX02,¢ARX5(2,-SGMAP )aCUS(PSI )s02

FORMAT(H #7E15.3)

00 12 i=1920

00 12 J=is3

TORQ(190)=0.0

G0 TO (4s22291)010QV

S = ={,

G0 10 3

SX=u|,

G0 T0O £09M15)5)ilQV

sSYs=1i.

60 10 3

-

,SY' fe

CONTINUE

GO TO (6025611609641 )910QP
Si=-1. ‘

GO T0 32

‘SZ=1,

CONTINJE

CALL S4ADO

N=3

00 7 U=3s1092

NNENEY

ARX = PLNE(JJsl)

ARY = PLNE{J24) “r
PLNE(J93)= PLNE(J13)-4G . °
PLNE{UI 1 )= PLNEL U] )-XG
TORLU{NY 1 )= <PLNZ(Us3)2 YFACEYLARY) - PULNE(JJr3)aXFACEYCARX)
TORQ(NS2)= +PLNZ(Js3)s YFACEX(ARY )+ PLNE(JJr3)e XFACEX({ARX)
TORQINI3)=PLNE( U1 )eYFACEYCARY )= (PLNE(J12)-YG)sYFACEXCARY )+
' PLNE{JJ? 1 )oXFACEYCARX)=(PLNECJJ22)-YG)IoXFACEX(ARX)
N=N+1

DO 8 J=|g2

PLNE{Ur3)® PLNE(J93)-46
PLNECJ» 1 )= PLNE{ Js | )-XG
FX = 2,8PLNE(J»4)8SGMARCOSIPS)eCOSIPSTIaSINLABSI(PST ) )esSX

FYR2, 82 NECJr4)eSYal(2.~5GMA-SGMAP )JE( COSIPHI)e83)a(SINI(PSI )oa2)e

BAARINC



O0Ow

OO0 -
’(.1

OO0

193830

1983

I SGMASISINIPS1)e82)8CUSIPHI))

FZaPLNI(Jr4)8(2,~SGHA~SGMAP JeSINCABSIPHI ))e(COS(FAI )82 )a( SINCABS
1(PSI))ee2)e32aSY .
TORAUr 1 ISIPLNECJI2)=YGIuFZ -~ PLNECJI3)OFY

TORU(J22)= PULNELJP3)0FX ~ PLNECJI ] )eFL

TORO({ J937= PULNE{ U1 )eFY =~ (PLNECJI2)-YG)aFX

CONTINUJE et ‘.

TORQ ON LONG BOOM

AR = BIOM{314)

€0 = 2,0%(1,0-01,0-5GMAP)/3,0)
FX=COsaAnaSXaSIN{ABSIPSI ) )eCUS(PS])

FY =02.042,8{1,SGMAP I/ 3, Jo5Y2ARS(-SINI PG] Je02)

CALL TIRQUE(BOOM2318)

TORU ON OTHER 300MS
N=9

U0 9 JUxig2

AR=BQ01( Jr4)

FX®= (24042090 1¢0-5SGMAP )/ 3.0 )8SX®ARS(CUS(PS]I Io02)
FY=COeaKoSYaCOS(PSI)aSINCABSIPST))

Catl TJIRQUE(HOOMIJIN)

NaN+|

TORUUE ON SPHERES

00 10 J=i12

ARRSPH{ 14 )
FX=AR®2,00C05(PS1)eSx

FY= AR®2,00 SIN{ABS(PS]I))eSY
CALL TJIROQUR{SPHsJIN)-

N=N+ |

TORQUE ON CYLe

DO V) J=112

AR= CY.(yrt)

FX®(240+42.02(1.0-S6MAP 1/3.0)2SXeARe(CUS(PS] Jos2)
FY=COoAReSIN(ABS(PSI ) }»COSIPSI )esy ~

CALL TIRQUE(CYLIOIN)

N=N+1

FX =SxeCOS(PSI)s CD & CYL(324)

FY =5xeSIN{ABS{PSI))e CUe CYL(3r4)

CALL TIRQUECCYL®3sN)

CN=N+

OPEP TIROQUE

QPzZP CYL

Co = (I.O*(I.O DG“AP)/:’-O)OZGO

FX = SXoCO3(PSI )aCDeCYLISrd)
FY®SYoSIN(ABS(PS1))=C0eCYLISIY) .
CALL TJRQUE(CYL?S217)"

TORQ( 1723)=TORA( 1793~ uPEP(2)asxcz QeOPEP(4)sCOS(PST)
=0,

IF(C5(4))19330919929 139940

T = C5{4)/C5(5)

T = ATANCT/Z(CS(5)-T))

T = Telg0e/P1

IFINEGI.GT.0)GO TO 1993

TE = GAMMA

GAMAD = GAMMA®{80./PI

GO TO 1994 ce e e

FOR PERPENDICULAR LOOP /POGI

TE = -4a8S(PSI)+ PI/2,

' RINC ///7
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1394
1390

1931
1832

i3

N

o000

6001
8002

2003

0ou

0010
bull

GAMAD= TE®I180.,/71
IF(GAMAD=-T) 13907 199191931

CSA= (1./7)% GAMAU + {0

60 T0 1yg2

CSA=24+(PI-24)da SIN(TE)

FORCE = 2,80 1,-{1.-SGMAP )/ 4, ) sCYLLlUrl)  eCSA
FX = SXaCOb(bAHHA)nFURCLcCUb(PSl) }

FY = sanO>(GAMMA)&FQRC::S]N(ABS(Psl))
FZ=FOKSEeSIN(GANA)

CALL IJHUUE(CVLruoIS)

TOROU IS5 )=TORU 1B 1)+ (CYL(U492)-YG IoF2
TORUC 1592) = TORULIBI2)-(CYL(4r|)=kG)s F2
TX=0. . :

iY’Oo

TZ=Q.

00 13 I=1s20 i

TX= TX + TOrW(I91)

TY= TY + TOrRu(I92)

TZ= TZ + TORQC193)

X = (A_T-100.)/7504+1,
IF{x-1.1)6000060003600CI
i=1

80 10 5010
IF(Xx=14,)60031500256002
I=t4

50 ¥9 3010

1=x

Fl=
IFUx~Fi-.0001)6D10+6010»6008

c
C INTERPOLATIO N REQUIRED
)

L = IOJQ‘(FI-la)QSO.O

DENS = (ATHMO(I+1)-ATMO(])I®(ALT=2)/50,+ATMULT)
$0 1O 3011

JENS = aTMO( 1)

DENS = (JLNS°(VtL¢¢2)*.5)/I726.
X = U-hbaTx

TYSUENSSTY

i = UINSeTZ

RETURN

ENO

SUSRJOUTINE TORJUE (BOrJIN)

S TURIUE

COMMON PSIPSIVIPSIYsPIrPHIIPHIPIIUQYIIQPIXGIYG 20
LaH39 A6 HT s COMP

20A98HIEPWIFLICIPAOWI XTI TPl s TPHIIPADI LI ISXISYIFXIFY b Lo TXoTY T,
3938(6)roB(0)sFUY(B)IFUX{BIIFSX{E)1FSY(BIICANI(IB)IIES(b)IS2(B)1C3(b)
“-Cl(o)vc>(a),bx(s)rCUREH(O)’sOOﬂ(lUru)’bPH(lOvQ):CVL(IU»4)rPLNE(

51024 )2 JPEP(S )2 TIRULCI3)IBL

olAY’AZtABStAobrAF:rAUP9AL2;V,ATMU(lS)vVELvTxvaYSrTZb:UP(

OIMENSTON 3001094
TORUC N1 )= (801 U13)-2638F Y
TORQUN22)=(30(ur3)=2G)orx
TORUCNI3)I=(50C 0| )=-XxGIeFY ~(BI(J22)=-YGlaFX
RETURN
END
SU3BRUVUTINE >ETUPLAA)
SETUPR
OIMENSION &A(B) |
COMMON PS]’P;IV!PDIV’PI!PHI’PHIP TUVsIUPIXGPYULPLG
939 HEYHT I COMP

3) sALT

29AIBIHIE Y WIFLICIPADWIXIITPSTI TPHIIPADILIISXISY s FXaFYsF LT lYsTZ

BAARINC



O -
(=3

21

ce

é>

4

393

23
937
30
353
31

3’53(o)th(o)vFuv(b))FﬂX(S)!kSX[G):k:Y(B)tCANI(B)153(6);52(6);L3(b)
CI(B)ICS(5)rtsx(t ) CUHLR(b)rdOOM(lUlu)lSPﬂ(I014) CYLCtOs8)sPLNEC

DIO!u)9JPEP\5)!IJKU(40!J)!UL

S9AYIAZIABSIAZE1AF S AUPIACSIVIATMUC IS )IVEL» IXSeTYSITZSs0P(3) vALl
H5={ PAJN=X18AA( 1 ))sTPSI-BL+Z12AAC3)0TPHI
He=(PA)=XxIoAA( | ))elPs]-sL+21eAA(3)aTrn]

H7=(A/2,~X18AA[ | JlaTps] /-

IF(HT )19 292

ARITZ (6960)A7 145116 X121 2AALT IPAA(S)

FORMATIIHO 18HATsHS Abr X1 Z19X2 TE1245)

CONTINJE ’

RETURN .

END

SU3SKOUTINE FuLirvizrrYan)

ZOMMOUN PSIvP:lv»PalYnPlrPHl,Pﬁvaluv’luPrxGavule

1945945 1H71COMP

2y4a E!ﬁlt1NlrL1PlPADN!Xl!THDI’TPHlIPAD!Ll’bl’bV’FX'FVlFllTXDIVIIL
193500 )s56(z )rFUY(B)rFux{BIIFSX(EIIESY(B)IICANTIIB)IIBS()1S2(E )1 C3(6)
49CI(B)1CS5(B)ruX(b)Y CUVLV(D)IUQUN(IU'H)'SPH(lOiQ)’bYL(IU!4)’HLNL(
)‘Ji“)’JPEP(a)IlJNJ(“O 30160
GIAYIAZIABSIASDIAFSTAUPIACSIVIATMOL IS )P VELPTASITYSrTZS»0P(3) 2ALT
TrAPIGAMAIAXIFACTUR 1NUSHADIGAMMA

JIMENSTUN A{o)rY(10r4)

IFLCOM2-ABS(X(3))) 12292

YONS 1) = xi1)
YiNe2) = x{2)
Y(Ns3) = Xx{3)
Y(vr4) = x{4)
g0 TJ 399

lF((Ho.LE.H/)-uVu.(H7 LEeHS ))su TU 2L
1F{CnbeLE a5 JeaNUl HO LI eHT7 ) )30 TU ¢
IF(CAT LT e o des NUal REobt o) IS0 1L 22
sd VY 33p

IF{H3,532.A05))60 11U 3

YC492) = 59 Al 3)+HS)

YONsU )=a( W)l X{3)-RS)I/X(D)

30 10 2w

IF(HT«32eXx{5))60 10 23

YON$2) = ona3lX{35)+HT)

YOaru) =(x{udel xU5)-1T)I/A(S)

GJ TJ 24

IF{rse3cex({3)) U TO 25

YON U4 )IFA( S )~AS+AL~HT

.

YON#P2) = (How&2 = HIew, +x(5)832- HE232)/(ce%7(N2Y))
YONsG )=x( 4 Dav{N LI/ ai D)
ol Tu 24

IF (Hoevexioil) GL Tu «I

Y{N#2) =(HT7+A0)/ 2.

YONs4 ) =(H7~rB)ux(i4 )/ x(>)

YONs b d=x( 1) ) YA
TON»3I Y=l 3) Sl

wd TJ 397

wlTel{ 393 )40 H5 R 700N

FaoxmaTilm 9 {3rinrUr IN FLIM 3E20e5915)
YONod)=0,0 -

YO 2=Vt )=x{o)%,5 +4B85(X(2))
IF (x{23)3393193)

Y(N»2)3-Y(Ns2)

CUNT INJE PRes o b eam
RETu=N

eNd

BAAR/N».L_+_,éfL
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SAMPLE DATA LISTING
NOSHADINEGG NUAYS [ 0 ()
NOo O0BITS 5.7743563
TALI<r ISUNYIGRAY B

JTOXTA-2G0D 2
Fuy . PRSI I + .
FUx
CANT 173 ~98,5 40,5 344 S1,.,0
¢
c3
3x -195,34 160.0 360.0- T
CurEr 0.2 43,5 200.0
apP: P 0.2 43.5 332.0 39,9
300MB ~3.6 -i5349 “19.2 35840 23847
SPHIRES -3.6 -288,7 -13.0 133,14 13.98 23847
30UMS 11t I52.8 ~244¢2 36845 25z.6
CS=TURUS thad 3741 ~2442 342.0 114,90 2666
3UX=-X5 bl 28547 ~24.2 dtel 8.0 25840
8uXx~-Y3 a1 27747 ~24.2 Ble0 Bed
HrEABCL 7040 90,40 32.66 31eb7 5740 23.5
NPSoMASIYE 10,0 UeB Ued 1.03
X31YLrZG o4l leU3 ~Ueld
Y2230°2:21PA0 .78 .78 73 .8
56’5KISS’FD . | ol - « 715
ACS .78 ‘.
JP 15540 1660 3.5
| ATM) Se%E-13 4eQc~14 445615
2 ATM) >+5t~1lo 1eOr-to 2e8c-17
3 ATRM) . 10817 beQE~13 leBE=iB
4 ATM) “le0t=13 3.0E-19 ledt=19 |
> ATM) AleUE-1Y 7.0E-20
v e 94E-U7?
I-TarsTX .13 .15 o7 o 1BS «2U $225
Z=-THARSTX el { W25 23 270 e 28> 30U
3~THr3TX ° 305 Ve 31 32 325 $3233 0324
U-TARSTX «320 , K
P-TARSTY 320 .33 .34 » 385 . 348 3449
2-Tna=slY 38 «351 .35 .3k . 343 324
3=-Tansiy .32 31 3 «2175 25 0225
4-TansTY o 13
XXLoYYi 241 5688 39343 9657
oTHRISTAY ST 42 ~0.89 “0.74 “Ue58
NOWNSETININTE X [PanT 25 300 2
einAac? «U0O0I
M =g (- TR «2090<313L+08
LoV A =) e 26153536£049 .
esu g1 kles  I-| «Yibbbe 49,35 45403
€60 UMEGAssETA  I-1  =-45.3> 7 3Us«7
ZaoU ALPHAS I-1 3ides 7 Biv60 334.0 334,
ZoU A I-2 e 2bibY53bU3 :
E50 €exles  [-2 «9160YI 4Y9e 3 31e9y
E50 OMEGArBETA  I~2 =~4d,uy 31433
Eoud ALZHAS 1-2 JI5.0 3i5e> 34140 341e3
2oU A (=3 2018943303
Zod Erxles I-3 «311795 449456 17645
ol 042349y 3c 1A 1=3 =dcsenl 33.25
toU ALPHAS I=-3 ..32245.. .u323.) 3upael 34645
cov A I-u «2blosd8surJd

BAAR/NC_%7%§;ZEL
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EGO
EGO
£50
€60
£GO
£s0
EGO
t60
E£GO
£GO
£50

ESUV
EGO
touU
EGV
£50

nom
) GG
< O

m m
G G
CC

M mmmMmm
[ O A A R I 9]
ccCccoc CCc

"
]

m m v
L L ]
cc

[AA00 LANE A N 0N A 11
Gr GGy &
ccocco

mon.or Mmoo
G: G G G G G
ocCccCcocCo

EsO
csl
250
ol
£s0
LouU
ol
e G0
£ES50
[V
LGV
EoU
€50

EeXl1SsS 1-4

OMEGAIBETA 1-4
ALPHAS I-4
A I-5

ErXxIs1S -5
O1EGAYBETA 1-5
ALPHAS )
A 1-s 7
EsXIss I-6
OMEGAPBETA 1-6
ALPHAS - 1-6
A T 1-7

EyxIsS 1-7
OMEGAIBETA 1-7
ALPHAS i-17
A -8 )
EvxlsS 1-8

OMEGAs3ETA I-8
ALPHAS 1-8
A 1-3

EsxIeS 1-9
OMEGArBETA  1-9
ALPHAS 1-3
A I-10

Esxle>s 1-10
OMEGAsBETA  1-10
ALPHAS 1-10
A I-il

Eexles I-=11

04EGAsBETA  I-
ALPHAS f-11
A I-12

ErxIts [=-(2

OMEGAs3ETA I-12
ALPAAS I-12
A I-13

EvXx[as 1-43
UME5A93E T4 1-13
ALPHAS L=-13
A I=ju4

Eexlss I-14

Qe 529 3LTA i-1u
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